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ABSTRACT

The Colorado Plateau as a Virtual Laboratory for Mobile Games for Geoscience
Education and Relations Between Rock Strength and River Metrics

by

Natalie Bursztyn, Doctor of Philosophy
Utah State University, 2015

Major Professor: Dr. Joel Pederson
Department: Geology

Declining interest and low persistence of undergraduate students in Science,
Technology, Engineering, and Math (STEM) is well documented in the United States.
For geoscience, field trips are important attractors, but high enrollment courses and
increasing costs are making them rare. This project utilizes geo-referencing capabilities
of smart phones and tablets: an untapped pedagogical resource. Three field trip
modules for iOS and Android were developed to give students virtual experiences set in
Grand Canyon, focused on geologic time, geologic structures, and hydrologic processes.
The effectiveness of these modules was tested on 874 students from five institutions
spanning community colleges, four-year universities and private liberal arts schools.
Results indicate that students who completed three virtual field trip modules were
significantly more interested in learning the geosciences than control students and
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participants completing only one module. Three strong predictors for student interest
toward learning the geosciences are: initial interest; being a STEM major; and the
number of virtual field trip modules completed. Content learning gains are minor and
not significantly different between intervention and control groups. Gender and race
had no statistical impact on the results, suggesting broad reach across demographics.
A second study addresses relations between rock strength and erosional
topography. Datasets of rock strength addressing geomorphology are rare, partially
because of the difficulty in measuring rocks that are heterolithic, weak, or poorly
exposed. Here, bedrock strength is measured by Selby Rock Mass Strength and field
compressive tests of 37 formations at 168 localities, as well as 672 laboratory tensilestrength tests, organized by rock units exposed along the Colorado-Green River through
the Colorado Plateau. Rock strength is compared to unit stream power, river gradient,
and channel and valley-bottom width. In bedrock reaches there is a strong power-law
correlation between reach-averaged rock strength and unit stream power, and a linear
relation between tensile strength and river gradient. Inverse power-law scaling between
tensile strength and valley-bottom width is used to estimate the “effective” tensile
strength of immeasurable shale-rich bedrock in alluvial reaches. Results suggest that
erodibility values range at least an order-of-magnitude smaller than evident with
directly testable rocks in this landscape. Overall, results support the idea that bedrock
strength is the first-order control on large-scale fluvial geomorphology in the Colorado
Plateau, complicating the interpretation of its topography.
(168 pages)
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PUBLIC ABSTRACT

The Colorado Plateau as a Virtual Laboratory for Mobile Games for Geoscience
Education and Relations Between Rock Strength and River Metrics

by

Natalie Bursztyn, Doctor of Philosophy
Utah State University, 2015

Major Professor: Dr. Joel Pederson
Department: Geology

This dissertation encompasses two studies: one developing virtual field trips for
mobile devices for an innovative approach to lower-division geoscience education, and
the other examining the role of rock strength in river erosion and landscape evolution.
The education study involves the development of three virtual field trip modules
(Geologic Time, Geologic Structures, and Hydrologic Processes, all free on iTunes and
Google Play) that lead students down a virtual Colorado River through Grand Canyon by
physically moving around their campus quad, football field or other location, using their
GPS-equipped smart phone or tablet. As students reach each location in the scaled down
and geo-referenced virtual Grand Canyon, an informative video appears with a themed
geological question and an interactive touchscreen activity. The effectiveness of these
three modules in terms of student engagement and learning was tested at five U.S.
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colleges with a range of missions and student demographics. Results show that the
virtual field trip modules are effective at increasing student interest across races and
genders in the geosciences, do not detract from student learning, and have the potential
to increase content comprehension.
The second study is the examination of the relation between rock strength and
topography in the Colorado Plateau. This work contributes empirical data to the age-old
debate over the mechanisms and patterns of stream erosion through statistical
relations between rock strength and stream power, river steepness, and valley width
along the Green-Colorado River system. Estimates of an “effective” tensile strength
were calculated for units too incompetent to test directly, such as the shales prevalent
in the region. Results indicate bedrock strength is a first-order control on river erosion
in this landscape, as suggested by John Wesley Powell in 1896: “where the rocks are
firm and stable, corrasion [sic] of the stream is slow; where the rocks are soft, corrasion
[sic] is more rapid,” which is intuitive yet frequently overlooked.
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CHAPTER 1
INTRODUCTION

This dissertation encompasses two different studies, one developing an
innovative approach to lower-division geoscience education using Grand Canyon for
virtual field trips to Grand Canyon utilizing mobile devices, the other examining the
effects of rock strength on the landscape evolution of the Colorado Plateau. The union
between these topics is in the spectacular geographic and geologic setting. The merger
of these diverse projects is fueled by my desire, as a former mineral exploration
geologist come community college professor, to learn the science of geomorphology
while pursuing my career goal of being a creative university educator in the geosciences.
Each of chapters 2 through 5 of this dissertation is a manuscript either published in,
submitted to, or to be summited for publication in different peer-reviewed journals.
Chapter 2 provides the basis and context for the research presented in chapters
3 and 4 on mobile learning virtual field trip game modules for smart devices. It also
includes the preliminary research findings during the prototype testing and
development stage of this project. Chapter 2 is published in the International Journal of
Education in Mathematics, Science and Technology.
Chapter 3 presents results of testing three virtual field trip modules, specifically
an assessment of interest in learning the geosciences. Pre- and post-intervention
assessments of 874 students during the fall of 2014 and spring of 2015 at five higher
education institutions spanning community colleges, a private liberal arts school and
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research universities. This work examines the impact on student engagement with
completion of one, two or three virtual field trip modules. Chapter 3 is intended for
submission to the Journal of Geoscience Education.
Chapter 4 presents the findings of cognitive student assessments for geoscience
content from pre- to post-intervention at the same five participating higher education
institutions during the fall of 2014 and spring of 2015. This work examines the impact
of the mobile virtual Grand Canyon field trips on student performance in three
geoscience content areas of geologic time, geologic structures, and hydrologic processes.
Chapter 4 is intended for submission to the Journal of Research in Science Teaching.
Chapter 5 presents a comprehensive dataset of bedrock strength from geologic
units along the Green-Colorado River corridor and the relation between these values
and river metrics. This work compiles new data collected in this study with previously
collected data from the landscape from several generations of USU students. The
additional data completes this dataset sufficiently to do analyses of relations between
rock strength and various channel metrics. Chapter 5 is under review in Earth and
Planetary Science Letters.
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CHAPTER 2
UTILIZING GEO-REFERENCED MOBILE GAME TECHNOLOGY FOR UNIVERSALLY
ACCESSIBLE VIRTUAL GEOLOGY FIELD TRIPS1

Abstract
Declining interest and low persistence is well documented among undergraduate
students in Science, Technology, Engineering, and Math in the United States. For
geoscience, field trips are important attractors to students, however with high
enrollment courses and increasing costs they are becoming rare. We propose in this
concept paper that the contextualized learning and engagement of field trips can be
simulated by virtual field trips for smart mobile devices. Our focus is on utilizing the
geo-referencing capabilities of smart devices within spatially scaled educational games.
This technology is increasingly ubiquitous amongst undergraduate students, and
consequently is an untapped pedagogical resource. The objective of our games is to give
students real-world experience in selected fundamental principles of geology. Set in
Grand Canyon, each module features images of exceptional geologic sites illustrating
these principles. Students navigate “downstream” using their devices’ GPS and complete
at least one interactive activity per location to progress to the next point. Student
response to a pilot game suggests that this is a viable method for making geoscience

1

Paper published in the International Journal of Education in Mathematics, Science and Technology
(April 2015) with coauthors as listed:
N. Bursztyn*, J. Pederson*, B. Shelton§, A. Walker*, and T. CampbellΔ

*Utah State University
§
Boise State University
Δ
University of Connecticut
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instruction engaging and enjoyable, and hopefully will result in greater motivation to
pursue the geosciences.

Introduction
There is a well-documented and nationally reported trend of declining interest,
low persistence, poor preparedness, and lack of diversity among U.S. students pursuing
Science, Technology, Engineering, and Math (STEM) disciplines (e.g. Ashby 2006;
Fairweather 2010; Seymour 2001). In the case of geosciences, we suggest that a primary
contributing factor is that introductory courses simply fail to inspire most students.
Our experience as well as previous studies lead us to believe that field trips are often the
most impactful component of lower division geoscience classes, and it is frequently
hands-on field experiences that draw students into a geoscience major (Fuller 2006;
Kastens et al. 2009; McGreen & Sánchez 2005; Orion & Hofstein 1994; Tal 2001).
Lower division introductory geoscience courses are typically taught in the form
of a lecture and a complementary lab, not necessarily required to be taken concurrently,
and commonly in large enrollment sections. Under such conditions, the ratio of
students to instructors is high, which decreases the possibility of one-on-one
interaction for each student and decreases the likelihood of a class field trip. High
enrollment also increases the sense of student anonymity, consequently decreasing the
students’ desire to take ownership of their learning, and reduces the potential for
inspiring students to pursue the subject. These large enrollment undergraduate classes
that cannot manage field trips fail to provide students with the opportunity to
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experience planet earth “in the wild” and the practices of geologists as they work to
understand it. In addition, students often are excluded from field trips because of their
physical limitations.
The contextualized physical learning of field trips, of being there, has the potential
to be simulated with everyday technology. Recent research suggests that virtual field
trips can be conducted through the use of smartphones and tablet computers (McGreen
& Sánchez 2005), already existing in most students’ hands. In this concept paper we
propose that new applications (apps) for mobile devices be developed for virtual fieldtrips that will enhance undergraduate student learning in the geosciences, will be
accessible to students of diverse backgrounds and physical abilities, and will be easily
incorporated into higher education programs and curricula at institutions globally. With
a draft game we present as an example, student responses after experiencing it suggest
this approach will be helpful for attracting and retaining the next generation of
geoscience students.

Background

Benefit of field experiences
Field trips have long been a part of students’ educational experiences,
particularly in Art, History, and Earth and Biological Science curricula. However, they
are becoming increasingly more difficult to conduct at higher education institutions
(McGreen & Sánchez 2005). This difficulty is due to a combination of logistics and

6
liability of travel, the high-enrollments of introductory courses, and decreasing financial
and administrative support at government-sponsored colleges. Field excursions offer
students opportunities to develop and practice the ability to distinguish features amid
visual complexity and make scientific observations, identified as critical skills by
Kastens et al. (2009). Field trips also provide primary experimental (hypothesis testing)
experiences (Fuller 2006; Orion & Hofstein 1994; Tal 2001), analogous to the role of lab
activities in physics and chemistry. This type of education has been called
“contextualized learning” (McGreen & Sánchez 2005), meaning that it occurs in rich
physical environments filled with real-world connections and concepts.
The argument is that students retain more from a field trip than a classroom lab,
and more in a lab than from a lecture for specific types of geoscience material. The
teacher-student ratio and size of a lecture (often 100+ students) consistently
outnumbers both a lab and a field trip (typically 10-25 students). Retention of material
learned on field trips and in lab activities is possibly greater because these practical
experiences fulfill the requisite components of contextualized learning introduced
above (Kastens et al. 2009; McGreen & Sánchez 2005). Research also supports the
benefits in learning provided by models, visuals, and spatial-orienting activities,
especially when these tools engage the learner and bring their attention to features they
may have missed by simply reading text (Gobert 2005). Spatial-orienting and
illustrating tasks lead to deeper processing by structuring students’ knowledge
acquisition and result in greater long-term retention compared to summarizing (Gobert
2005; Gobert & Clement 1999). Together these findings indicate that a visual interface
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requiring spatial-orienting tasks provides improved learning and retention over
traditional text-based pedagogical approaches and static lab exercises.

Utilizing smartphones instead of banning them —gaming in undergraduate education
Advancements in communication technology have outpaced implementation
strategies within higher education teaching methodology. This communication
technology gap is steadily increasing between incoming freshmen and educators (e.g.
National Higher Education ICT Initiative 2007; Perlmutter 2011; PIALP 2013). Closing
the gap can only lead to more engaging and meaningful educational experiences as
undergraduate students and the general public are more and more attached to mobile
devices (Dahlstrom et al. 2011; Johnson & Johnston 2013; PIALP 2013).
Smartphones are visually engaging, portable, WiFi and GPS-enabled, and everincreasingly ubiquitous. They have become valuable learning tools for the general public
in informal settings, for young children, and individuals with disabilities. Smart devices
are also used in community and classroom data-collection exercises through basic apps
that leverage the use of their various built-in sensors. Examples include the
iSeismometer that makes use of the iPhone’s GPS and accelerometer to illustrate how
seismic data is collected and the Theodolite app that makes use of the internal compass,
inclinometer and GPS tools (Johnson & Johnston 2013).
The use of smart mobile devices to simulate contextualized learning, drawing on
technology already familiar to students, has been investigated. The results show that
these tools allow students to concentrate on learning the material rather than how to
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use the equipment (Clough et al. 2008; McGreen & Sánchez 2005; Roschelle 2003). Georeferenced, mobile-learning games (MLGs) can enhance student interest in introductory
geoscience courses by providing the physical learning experience of field trips without
added costs, accessibility and liability issues.
Our interest is focused on utilizing geo-referencing capabilities in a spatially
scaled educational game analogous to the following examples. Benford et al. (2005)
created “Savannah”, a virtual game to teach young children about African ecology. The
researchers used GPS to gain positional information on players, the children, roaming
around an open field that was spatially scaled down to represent a virtual African
savannah. This geo-referenced activity enabled the children to role-play as lions while
exploring the space looking for resources (game and water) to help them survive.
Instead of being told about life in the plains of Africa, the children (lions) fought to stay
alive (virtually) in the Savannah by successfully hunting prey. The authors believe their
game was an engaging learning experience for the children, and also enjoyable in its
physicality. Shelton et al. (2012) recently examined the use of geo-referenced gaming on
mobile devices for an educational math game (GeePerS Math) that targets K-12 hard-ofhearing and deaf children. The game is introduced as a superhero training program and
the children are faced with word problems that are signed to them by an avatar in the
game.
Players must solve the simple addition or subtraction problem in order to
proceed to the next location and complete their mission. For example, “You saw six trees
at the entrance, and took the path with four trees. How many trees did you pass in the forest?”
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The concept of exploring a virtual world to learn math was based on previous work that
showed that virtual reality technology games improved the ability of deaf children to
think flexibly and critically. Similar to Savannah, GeePerS Math generated positive
feedback from teachers about the physical experience of the game, e.g.: “I really like that
we have them up out of their seats moving” (Shelton et al. 2012).
Although games and/or mobile devices have been examined and used extensively
for K-12, there is little known research addressing the cognitive elements of geo-spatial
learning when applied as educational tools in undergraduate science courses. According
to Squire and colleagues (2007), games and mobile games in particular are tools that
enhance learning when designed and implemented effectively with curriculum and
instruction. With the prevalence on college campuses of handheld devices such as
smartphones, tablets and notebook computers (Dahlstrom et al. 2011; Johnson &
Johnston 2013), there is untapped potential for their use to explore virtual worlds in
real geo-referenced outdoor spaces. Only a few years ago the majority of undergraduate
students owned smartphones and tablets: today they are mostly ubiquitous (Clough et
al. 2008; Dahlstrom et al. 2011; Johnson & Johnston 2013; McGreen & Sánchez 2005).
Consequently, mobile devices have been attracting the attention of researchers and
educators for their potential as learning tools for K-12 and in informal settings.
This technology provides new genres for learning, and mobile devices bring
unlimited access to communication and technology. The accessibility allows a transition
from occasional usage of a computer lab by a class to the frequent and integral use of
portable technology in any setting. Educational games give students the opportunity to
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participate in “other worlds”; and evidence suggests that simulations increase
motivation as well as teach problem solving strategies (Klopfer et al. 2003).

Game Design and Assessment Methods

Game design
The MLG modules we are testing use geo-referenced mobile technology on both
Android and iOS platforms to teach geologic concepts in the context of real world
examples. Our goal is to enhance undergraduate student learning, engagement and
retention in the geosciences through the design, creation, and implementation of a
series of geo-referenced MLGs. Student engagement is targeted with the MLG modules
through the use of real world examples and imagery, instant feedback on content, and
hands-on interactive activities. In terms of content, the focus is on the “Big Ideas” of
Geology and commonly held misconceptions about them (ESLI 2009). The games are
designed to be used as supplementary introductory laboratory exercises for Physical
Geology, Earth System Science, and Historical Geology courses.
Each module was structured around a broad construct of introductory geology
curriculum (Table 1), from which suitable locations within Grand Canyon were selected
as virtual field trip stops. The questions and interactive touch-screen activities for these
locations were written and refined by the authors as well as collaborating faculty from
the MLG testing institutions. For each module a location map of all field trip stops and
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a storyboard of images, questions and activities was assembled for the development of
the applications.
The geo-referenced MLG concept can specifically address the difficulty
experienced by many students with spatial reasoning and spatial orienting tasks
(Kastens et al. 2009), two critical skills in the geosciences. The MLG modules were
created to virtually navigate downstream along a scaled-down Colorado River through
Grand Canyon – physically moving around in whatever real location the student is in
using their smart phone or tablet (Figure 1). The program aims to assist students in
learning spatial reasoning and orientation by becoming familiar with the use of a
compass and map to locate themselves and actually move to each new location on foot
or in a wheelchair.
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Figure 1. Two students orient themselves. Inset A: screenshot of a question with
playable video. Inset B: screenshot of a Grand Canyon location. Inset C: screenshot of
basemap showing complete (orange) and incomplete (green) locations.
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Curriculum constructs
The Earth Science Literacy Initiative (ESLI) defined nine “Big Ideas” of Earth
science that all citizens should know (2009). Following this publication, the Michigan
Teacher Excellence Program (MiTEP) identified several commonly held misconceptions
for each of these “Big Ideas” (Engelmann & Huntoon 2011). Based upon these “Big
Ideas” and misconceptions, the pilot MLG module we present results of here considers
Big Idea #2: “Earth is 4.6 billion years old” and the misconceptions that “geologic time
can be described using hundreds of years” and that “rock layers are always flat” as the
bases for creating a module addressing geologic time. A crucial objective of this module
is to include the standard curriculum themes of relative age, the geologic column, and
numerical age. Within this curriculum, the main focus is on relative age, which includes
the subjects of stratigraphic principles, gaps in the rock record and fossils and
correlation.
ESLI uses Grand Canyon as the real world example for this “Big Idea” because it
is a famous geologic landscape that provides excellent learning opportunities and since
it is frequently used as the example of stratigraphy and unconformities (gaps in the rock
record) in introductory geology textbooks, it is an ideal game setting to teach these
concepts. Following suit, the Geologic Structures and Surface Water Processes MLG
modules under development are connected to ESLI’s Big Idea #4: “Earth is continuously
changing” and Big Idea #5: “Earth is a water planet” (Table 1).
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Constructs

Table 1: Example mobile-learning games
Mobile-Learning Game Modules
Geologic Time
Geologic Structures
Surface Water Processes
Stratigraphic principles
Stress and strain
Hydrologic
(deformation)
cycle/hillslopes
• Original
Folds
• Paths of
horizontality
• Anticline
precipitation
• Superposition
•
Syncline
•
Overland flow
• Lateral continuity
Fluvial hydrology
• Cross
cutting Faults
• Channel types
• Normal
relations
Unconformities
• Reverse
• Hydraulic
geometry
• Disconformity
• Strike-slip
Sediment transport
Measuring structures
• Nonconformity
• Entrainment
• Strike and dip
• Angular
Plate
tectonics
(as
• Types of load
unconformity
related to faults
Relative dating
• Transport
and folds)
Numeric dating
capacity
Human vs geologic time
Groundwater
Human influence

The number of locations throughout Grand Canyon along the Colorado River are
designed to fit the game module into a 30-minute time frame. In the game modules, at
least one question per location must be answered in order to navigate down Grand
Canyon. Correctly answering questions allows the player to progress down the Colorado
River to the next location and exercise. Similar to rafting down a real river, this
progression is a one-directional system and a player cannot “move upstream”.
Answering questions incorrectly triggers a pop-up explanation of the answer the
student selected and the player is then returned to the question and remaining answers.
Each time a question is answered incorrectly, the number of points that can be earned
for selecting the correct answer is reduced, thus reducing the total score that can be
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achieved upon completion of the game. This feature provides instant feedback on
content comprehension to the player and provides the opportunity to beat a previous
score by replaying the game and answering the questions again (correctly) with fewer
attempts. A second type of question in the game platform requires the students to
examine a photograph and identify a specific geologic feature by tapping or swiping the
feature on the touchscreen. This interactive element requires observation and critical
thinking skill about the content and its application in the real world example of Grand
Canyon.

Assessment design
Assessment will be addressed through a pre- and post-intervention research
design that leverages the validity of disseminating across several different institutions,
instructors, and student populations. In addition to content evaluation, three
instruments encompassing motivation, interest, and attitude (MIA) will be used. All
three measures will be used at the beginning of the semester and after all the
interventions are complete. Reliability in the form of Cronbach’s alpha and
confirmatory factor analyses will be conducted for all instruments with the data we
collect.
We are also gathering data of tracked responses to activity questions during
game play at collaborating institutions. These embedded items are checks of student
understanding immediately after exposure to the content of the MLGs. Finally,
demographics about students (ethnicity, gender, socio-economic status, etc.) and the
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institutions (4-year land grant, 2-year community college, private, etc.) will be gathered
for use in a Hierarchical Linear Modeling (HLM) analysis.

Student Feedback on Pilot Game
Before finalization and formal testing of the three games described above, we
received initial feedback from students using the prototype game on Geologic Time.
These initial responses are shared here to provide insight into the strengths and
weaknesses of the MLGs. Historical Geology and Physical Geology students (n=146) at
Utah State University volunteered to play the prototype game module in the summer
and fall of 2012 and spring of 2013. Students were briefed in the classroom with gameplay instructions, and then proceeded to the campus quad outside to play “Grand
Canyon Expedition: Geologic Time” in pairs. After game play students were asked to
complete anonymous surveys and comment forms to provide feedback on the MLG
module. The positive comments from the students’ feedback forms are summarized in
Table 2.
Positive commentary from the students was encouraging especially considering
the objectives of increasing undergraduate student engagement and retention in the
geosciences. The first of the positive feedback comments was simply the experience of
being outdoors, for example: “I like being able to walk around and orient myself with a
map. It is great to leave the classroom.” In addition to several comments about “feeling
like an explorer”, it was clear that the use of cardinal directions and even the
understanding of a GPS system for orienteering was embarking on unfamiliar territory
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for some students, for example: “I liked how the directions in the game were the same
as the directions are here in Logan.”
The second item, the use of real photographs to represent concepts in geology,
also received positive feedback: “I liked how it put what we were learning into real
examples that had us out in the field as we would be if we were studying the canyon.”
“I liked that it had real pictures and a game-like premise rather than drawing in a
lecture-style class. It’s always more fun to get up and move while learning.”

Table 2: Feedback items from pilot MLG student testers
Strengths
Outside
• Not in classroom
• Orienteering/exploring
• Walking/not stationary
Photographs
• Real world examples
• Not cartoons/drawings
• Like “actually” studying Grand Canyon
Interactive
• Working in partners
• Touchscreen
• Photos appear only once location is reached
• Feedback on wrong answers
Not writing

18
The third positive aspect, the interactivity of the MLG, ranged from student to
student for what interactive part they enjoyed, however a standout point is that some
recognized the instant feedback component and felt its importance: “I liked answering
the questions and if you were wrong it would explain why.”
Pilot survey results also indicated that students across the board (77%) gained
greater confidence in their comprehension of the content covered in the game, on
average having ranked themselves around 3 (“neutral”) for initial familiarity and around
4 (“agree”) for subsequent familiarity of the concepts (Figures 2 and 3). Broader
challenges that we face include difficulties with screen visibility in full sunlight,
playability in rainy and winter weather, cloudiness impacting GPS sensitivity, and
varying GPS sensitivity across devices.

Figure 2. Results of students’ opinion survey for content comprehension post game play
(n=146).
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Figure 3. Results of the students’ self-assessment survey of geoscience concepts
showing average of responses before game-play in grey to after game-play in black
(n=146).

Discussion and Conclusion
Field trips are well established as a successful method for engaging students, but
they are increasingly becoming prohibitive. As geoscience educators look for solutions
to the declining enrollment at institutions of higher education, mobile games have the
potential to be engaging and instructional when combined into virtual fieldtrips. Early
feedback from our prototype testing suggests that this approach of virtual field trips
using mobile smart devices does enhance student engagement within large enrollment
classes. This project presents geo-referenced MLGs set in Grand Canyon as a relatively
affordable and highly accessible means for geoscience educators to leverage the
smartphone technology already in use by students in a way that aligns with existing
curriculum.
We have refined all the MLGs with collaborating instructors from a range of
higher education institutions across the country and are testing the modules in classes
at the collaborating institutions spanning a diversity of student backgrounds from
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community colleges to private universities. These MLG modules will all be evaluated
with pre and post content and MIA assessment. The large datasets arising from this
study will be subject to statistical (HLM) analysis that will include an examination of
the correlation between students’ demographics and their learning gains.
The results of our early assessments are positive and encouraging for increasing
student engagement, especially considering the overall enjoyment of learning with
mobile technology despite the buggy operability of the pilot module. Most students
found the experience enjoyable and felt it helped them improve their comprehension
and understanding of the curriculum, suggesting that this tool allows students to
concentrate on the content of the game instead of using cognitive effort to deal with
how to play it. Thus educators can take advantage of learning with technology rather
than from technology by integrating mobile devices into their teaching (Campbell et al.
2010). This finding is very encouraging for our pilot in that it indicates we have a viable
method for enjoyable and engaging undergraduate geoscience education that has the
potential to increase engagement and retention by merging students’ highly digital and
mobile world with their college education. In essence, it helps by closing the existing
communication technology gap described earlier. It is an initial step in developing
innovative pedagogy that utilizes powerful tools students are already intimate with in
order to make first-year STEM courses more engaging and interactive and to make
world-class field trips accessible to all.
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CHAPTER 3
STIMULATING STUDENT INTEREST WITH SMARTPHONES: INCREASING
UNDERGRADUATE MOTIVATION TO LEARN GEOSCIENCE WITH VIRTUAL GRAND
CANYON FIELD TRIPS1

Abstract
Many higher-education institutions’ introductory geoscience courses are highenrollment (100+ students) and taught with the traditional lecture-style that is not the
most effective at attracting students. This study examines student interest in highenrollment classes by bringing the engaging field trip experience to campus via the
students’ own smartphones and tablets. The results of this study, involving 873
students from five institutions, show that students who completed three virtual field
trip modules were statistically significantly more interested in learning the geosciences
than control students who did not complete any (mean interest for 3 modules was
58.12 out of 70, for 1 module was 51.58 out of 70, and for 0 modules was 50.01 out of
70). Hierarchical linear modeling results indicate three strong predictors for student
interest toward learning the geosciences: 1) initial interest, 2) STEM major, and 3), the
number of virtual field trip modules they complete. The virtual Grand Canyon field trips
for mobile smart devices are an accessible, inexpensive resource that bring field trips to
campus in lieu of students experiencing none at all. Furthermore, this study opens the
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door to this genre of mobile-game-like pedagogy for geoscience, and all STEM,
education at the higher education level.

Introduction
For more than a decade in the United States, there has been considerable
investment in addressing low interest, poor preparedness, and the lack of student
success in science, technology, engineering and mathematics (STEM) – including the
geosciences (e.g., Ashby, 2006; Fairweather, 2010; Seymour, 2001). Recently concerns
have been raised regarding having strong college STEM participation, especially
amongst minorities, will negatively effect the U.S. economy (Ashby, 2006; Chang et al.,
2014; NRC, 2011). Educators have a responsibility to improve the participation and
completion rates of all undergraduate students pursuing STEM degrees (Chang et al.,
2014).
At many higher-education institutions however, introductory geoscience courses
are high-enrollment (100+ students) and taught with the traditional lecture-style,
teacher-centered approach that is not the most effective for stimulating interest and
engaging students (Andresen et al., 1996; Deslauriers et al., 2011; Mazur, 2009).
Furthermore, most students enroll in introductory geoscience out of the need to fill
their science requirement for graduation, not because of intrinsic interest in the subject
(Gilbert et al., 2009; Gilbert et al., 2012; van der Hoeven Kraft et al., 2011). The interest
factor is even more important considering that research has shown the best predictor of
students taking additional classes in a subject is not performance, but interest (Gilbert
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et al., 2012; Hall et al., 2011; Harackiewicz et al., 2000). One goal, therefore, for
geoscience educators should be to engage and motivate students in learning so that
they are more inclined to continue learning the material on their own in informal
settings, in additional courses, or as majors (van der Hoeven Kraft et al., 2011). To
facilitate teaching high-enrollment classes in large lecture halls, it has become common
practice is to use digital slide presentations, animations, clickers, the Internet, and
videos in lectures. However, Mazur (2009) and Smith et al. (2009) indicate that
pedagogy matters for engagement, and not the technology used in the lecture hall. So,
how can instructors be more effective at helping their students want to learn
geoscience?
In the geosciences, field trips are often the most engaging and impactful
component, and frequently these hands-on field experiences inspire students to become
geoscience majors (Fuller, 2006; Kastens et al., 2009; McGreen and Sánchez, 2005;
Mogk and Goodwin, 2012; Orion and Hofstein, 1994; Tal, 2001). Unfortunately, due to
logistics, liability of travel, and decreasing financial and administrative support at
government-sponsored colleges, it is becoming rare to have field trips in large classes.
Inasmuch as field trips are becoming rare, smartphones and tablets are becoming
ubiquitous (Dahlstrom and Bichsel, 2014; PIALP 2013). This study uses the virtual
approach: to accommodate and engage high-enrollment classes by bringing the field trip
experience to campus via the students’ own smartphones and tablets.
Consider the following scenario for how instructors might engage lower-division
students in high-enrollment geoscience classes using the technology most of them carry
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in their pockets (see Figure 1 for how this virtual field trip activity might look): It’s ¼ of
the way through the semester and the students still have their game faces on, but the nonmajors are clearly just trying to get through their science requirement by memorizing the key
terms at the end of each chapter. The first lecture on Geologic Time was on Monday; now it’s
Wednesday and 95 students are lined up and sitting outside the class door texting and
facebooking their friends on their smartphones about how boring yet another lecture is going
to be, especially on such a clear fall day. Today, however, will be different. After the instructor
opens the door, the students slowly shuffle in, head to their usual seats, and make no move
toward opening their notebooks or putting their phones away. The instructor interrupts their
reverie to inquire how many students have smartphones or tablets and more than ¾ of the
class responds positively. “Ok”, she says, “get with a partner so that there is at least one
smartphone between the two of you.” The students shuffle and rustle and murmur among
themselves, eventually forming partnerships. “While you were choosing partners, I e-mailed
the class an app, please go ahead and install it now, then we’ll head outside.” The students
fiddle with their phones and murmur excitedly. Soon there are 95 college students roaming
around the campus quad, animatedly discussing which direction is east and what
“superposition” means again so that they can beat their friends to the next location in Grand
Canyon on their virtual field trip. The instructor overhears her students asking each other
questions like “what was the difference between ‘dis’ and ‘non’ conformity again?”, “where did
you find the youngest unit at that Hance Rapid stop?”, and “what was your score at the end,
did you get a helicopter ride?” Now, instead of trying to memorize a dozen new vocabulary
terms, the students are reviewing the unit on stratigraphic principles they were just

28
introduced to in a physical and applied practical manner. Now, the students are informally
competing against each other to earn the highest score so they can get a virtual helicopter ride
out of Grand Canyon and win the game.

Figure 1. Approximately 100 students from Archean State* University’s introductory
Physical Geology class play “Grand Canyon Expedition: Geologic Time” on the campus
quad. Insets (left to right) are screen shots of the base map with visited locations
(orange) and new location (green), and a screen shot of the Great Unconformity at
Blacktail Canyon video, information and question.
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Considering the time constraint of a typical hour-long lecture class, especially for
classes where the students are not always concurrently enrolled in lecture and lab, and
today’s average undergraduate students’ comfort level with smart devices and gaming,
the expectation is for this pedagogical approach to have a positive impact on student
interest and engagement (see Chapter 2). Studies have shown that gaming features
contribute to increased student engagement through greater self-confidence and selfefficacy (Mayo, 2009). The objective of this research is to determine in what ways these
virtual field trips impact the level of interest (reported here) and educational efficacy
(reported in Chapter 4) of undergraduate students in introductory geoscience classes at
a variety of post-secondary environments.

Overview of Virtual Grand Canyon Field Trips

How the virtual field trips work
The virtual field trip modules are based on relative GPS locations; this means
that the starting location is set as the origin for the rest of the game. The app
development platform GeoBob (http://geobob.usu.edu) made by the Interactive Design
for Instructional Applications and Simulations (IDIAS; http://idias.usu.edu/) lab at
Utah State University was used for the original design of the virtual field trips. The
concept for the modules was modified after the series of location-based GeePerS math
games also built by the IDIAS lab using GeoBob (Shelton et al., 2012). All of the
locations and distances that the player interacts with are relative to this initial starting
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point. Each virtual field trip location is geo-referenced, but the entirety of Grand
Canyon has been scaled to a 100 m long playing field. The geographic location of the
player does not matter; the player could be anywhere, however since GPS is integrated
into the application, the module must be played outside on a clear day (Figure 1). The
design takes advantage of the benefits of games that provide immersion-in-context,
rewards for correctness (increasing motivation), and immediate feedback in response to
student interaction. This study uses three themed virtual field trips through Grand
Canyon: (1) geologic time, (2) geologic structures, and (3) hydrologic processes. These
applications are available on the Android (Google Play) and iOS (App Store) platforms,
and the design and execution is virtually identical on both platforms.

Virtual field trip description
All three field trip modules use the same digital elevation model (DEM) base
map of Grand Canyon, and begin at the traditional rafting trip launch of Lees Ferry.
Between Lees Ferry and Lake Mead, each module has 10 different field trip stops that
represent outstanding real world examples of curriculum content for the three distinct
geologic themes common to all introductory geoscience courses (see Chapter 2). Each
field trip stop appears in sequence after a question or question and interactive
touchscreen task for that location has been answered correctly. Points are allocated to
each question based on the number of attempts, and incorrect answers trigger
explanations of the answer selected so that the student can immediately know why the
answer they chose is not right. Each location has a multiple choice question associated
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with the image of that field trip stop and the associated information provided in text
and video format. Approximately half of the locations also have an interactive
touchscreen activity that either requires the student to identify and tap on a geologic
feature presented on the screen, or swipe the screen to draw a line (along a fold axis or
direction of maximum stress) or indicate the direction of movement of a fault’s hanging
wall. Each module takes approximately 20 minutes to play through, a length of time
aimed to capture the typical student’s attention span (Middendorf and Kalish, 1996;
Milner-Bolotin et al., 2007).

Curriculum constructs
The three module themes were selected for their universality across
introductory geoscience course curricula as well as representing common geoscience
misconceptions (Engelmann and Huntoon, 2011; see Chapter 2). After the broader
constructs had been selected, a workshop with collaborating geology and education
faculty from the participating institutions was held to determine specific content within
the broader constructs, given their institutions’ curriculum and the Grand Canyon
geology that would best exhibit them. The results of this workshop are the curriculum
constructs delineated in Table 1 of Chapter 2.
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Methods

Research questions
For this study of student interest- specifically: student valuation of course
content through situational interest and task value, two main research questions guided
the analysis of data:
1. How do these virtual field trips impact student interest in learning geoscience
material?
2. Which demographic and experiential factors combined with the virtual field
trips best predict student motivation and interest to learn geoscience material?

The students and their institutions
The virtual field trip modules were tested in introductory (first year) physical
geology and earth science classes at collaborating institutions (names have been
changed to preserve anonymity). The diverse student population included geology
majors, non-majors fulfilling their general education science requirement, community
college students, large public university students, and private liberal arts college
students. Within these groups are a variety of economic and ethnic backgrounds as well
as physical abilities. Enrollment in these introductory geoscience courses ranged
between institutions from as low as 20 in a single class section to as high as 300
students split into 15 laboratory sections.
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Cambrian College is a minority-serving community college in a western state. It
offers Physical Geology and Earth Science each semester to sections of 35 students.
Permian University is a primarily undergraduate-serving institution in the mid-west
that offers at least a dozen lab sections of Physical Geology annually. Two sections of
~150 students enrolled in the fall semester and one section of ~150 students in the
spring semester’s lecture classes. Silurian College, is a private liberal arts college in the
mid-west with Swedish Lutheran heritage and a small, but rigorous, geology program
taught to a traditional-age, non-minority student body. Introductory Geology class size
was approximately 60 students each semester. Archean State University is a westernstate land-grant research institution with over 60 geology majors and several highenrollment service courses. Class size for the Introductory Physical Geology course
sampled in this study is approximately 130 students each semester. Ordovician
University was formerly a western-state community college, and is now a 2-year
comprehensive regional college satellite campus for Archean State University. Their
introductory geoscience course participating in this study enrolls ~40 students each
semester. The total number of participants in the study, including intervention and
control groups is 874 (Table I).

Assessment instruments
All students, including intervention and control groups, were asked to complete
a pre-test at the beginning of the semester that included a demographics survey,
geoscience interest survey (Figure 2), and geoscience content questions. Upon
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completion of the final virtual field trip module, or completion of the equivalent regular
lab assignment in control classes, students were presented with the same motivation
and interest assessment as the beginning of the semester.
The evaluation instrument, the Geoscience Interest Survey (GeoIS)
encompassing student interest was used at the beginning of the semester and then after
all interventions were complete (Figure 2). The GeoIS uses the task value component
subscale of the Motivated Strategies for Learning Questionnaire (MSLQ), and the
situational interest subscale which evaluate how interesting, useful and important the
course content is to the student, and should relate to student engagement by assessing
changes in interest post-intervention (Figure 2; Harackiewicz et al., 2008; Pintrich et al.,
1991). Motivation self-report subscales used to measure value beliefs (intrinsic goal
orientation, extrinsic goal orientation, and task value beliefs) and self-report interest
subscales (individual interest: interest in the subject residing within the individual prior
to taking the course; and situational interest: emerging spontaneously in response to
exposure in the environment) have been validated by the educational psychology field,
and have been adapted to suit the geosciences (Gilbert et al., 2012; Harackiewicz et al.,
2008; McConnell et al., 2006, 2009, 2011; Pintrich and DeGroot, 1990; Pintrich et al.,
1993; van der Hoeven Kraft et al., 2011). The MSLQ has robust reliability data with
prior studies, and has both predictive validity and construct validity in the form of a
confirmatory factor analysis.
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Figure 2. Geoscience Interest Survey (GeoIS) from pre- and post-intervention surveys.
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Variables and statistical methods
To examine students’ interest in learning geoscience material, analysis of
covariance (ANCOVA) is used to determine the degree to which change in interest over
a time is a factor (addressing research question 1). Hierarchical linear modeling (HLM)
is used to determine the degree to which there is variation due to the institution the
students attend and/or with variations between the students themselves (addressing
research question 2). For example, the type of institution may influence student drive
and students of various ethnicities or a specific age, gender, or major may experience
different gains in interest. The HLM analysis is a form of regression (Bickel, 2007),
taking into account existing relationships between subjects, in this case shared or
common student experiences. It is difficult and inconsistent to try to classify groups of
students by lab sections because there is a tremendous amount of variability across test
sites such as lab size, lab duration, lab and lecture being a single cohort, or lab and
lecture instructor variation. For this reason, groups of students were classified by
testing site.
The relationship between student interest and various student groups that
comprise the study sample were examined by identifying institutional variables
(teaching-focus, teaching/research split, and research-focus institutions), declared
student interest variables (geology majors, STEM majors, non-STEM majors), and
demographic variables (race, ethnicity, gender, age) (Table I). Further, due to the
inconsistent number of modules completed by participating classes during the study
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period, the variable of “virtual field trip participation” (control group with 0 modules,
intervention groups with 1, 2, and 3 modules; Table I) was also considered.
Table&I.&All&variables&used&for&statistical&analysis,&their&n&and&type

Age

Variable Category
Basic&demographics
Male
Gender Female
Other/no&answer
Silurian&College
Cambrian&College
Archean&University

n

participant
control

Ordovician&University
Permian&University

participant
control

Hispanic
Other
American&Indian&or&Alaskan&Native
Asian
Black&or&African&American
Ethnicity Native&Hawaiian&or&Pacific&Islander
White
Two&or&more
No&answer
Declared&interest/experience
Geology
STEM
Major
Other
Non;STEM
Cambrian&College
Teaching&focus
Ordovician&University
Site
Silurian&College
Teaching/research
Permian&University
Reseach&focus
Archean&University
Silurian&College
Cambrian&College
participant
Archean&University
control
Ordovician&University
participant
Permian&University
control
Silurian&College
Cambrian&College
participant
Archean&University
control
Ordovician&University
participant
Permian&University
control
Virtual&field&trip&participation
3&modules
2&modules&(Geo.&Time&&&Structures)
1&module&(Geo.&Time)
Control&(0&modules)
GeoIS&score&&&&&&&&&&& GeoIS&score&&&&&&&&&&&
post;intervention* pre;intervention*

Race

†

mean&and&s.d.&only&reported&for&continuous&variables
*mean&and&s.d.&motivation&scores&on&a&scale&from&0;70

Mean† Std.3Dev.†

446
428
268
92
111
81
121
114
272
84
117
760
12
29
20
4
691
51
65

;
;
;
19.5
24.2
21.4
21.2
20.7
20.4
20.7
;
;
;
;
;
;
;
;
;

;
;
;
1.4
8.4
3.3
3.7
5.9
3.9
3.1
;
;
;
;
;
;
;
;
;

22
200
651

297
92
111
81
121
113
272
84
81
111
95
53
99
250
77

;
;
;
;
;
;
;
;
48.7
50.3
47.2
48.6
48.5
47.1
46.1
55.6
60.0
55.1
52.6
58.5
51.3
47.2

;
;
;
;
;
;
;
;
4.7
5.4
5.6
6.4
5.0
5.5
4.4
10.7
8.5
9.9
13.5
9.1
10.1
9.6

391
138
319
291

;
;
;
;

;
;
;
;

262
580

Type

Dichotomous

Continuous

Dichotomous

Dichotomous

Dichotomous

Ordinal

Continuous

Continuous

Ordinal
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The research protocols were granted a waiver by the Utah State University
Internal Review Board (IRB). Student participation was not voluntary; rather the virtual
field trip modules were incorporated into the course curriculum by collaborating
faculty.

Results

Descriptive statistics and supporting analyses
Students at Cambrian College, Archean University, and Ordovician University (n
= 391) completed all three modules for the intervention. Students at Silurian College (n
= 138) completed two modules (omitting Hydrologic Processes) for the intervention,
and students at Permian University (n = 319) only completed one module, Geologic
Time. Students at Archean and Permian Universities (n = 291) acted as control subjects,
completing the pre- and post-tests and surveys for their regular labs without
participating in the virtual field trip modules. Collectively this provides data for 1139
students representing diverse demographics and institutions (Table I), only 52% of
students completed all components of the pre- and post-intervention surveys and only
surveys with complete data sets across all variables could be used for statistical analysis.
Reliability and validity of measures was conducted for all instruments with the
data collected using Cronbach’s alpha and confirmatory factor analysis. Reliability in the
form of Cronbach’s alpha is 0.91 for the pre-intervention survey and 0.93 for the postintervention survey. This metric ranges from 0-1, thus our value is strong and indicates
stability and repeatability in the results. The fifteen GeoIS variables loaded onto a single
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factor with factor loadings ranging from 0.17 to 0.83 with 874 observations. This
number of observations and range of factors are a reliable indication that the GeoIS
questions are derived from the same construct, suggesting good validity for the measure
(Stevens, 1999).
Prior to running statistical models, a correlation table was constructed to
examine relationships between variables. Supporting analyses for this table include
Pearson, Spearman, and point biserial correlation depending on the nature of the data.
Pearson rank order correlation was used when both sets of data were continuous,
Spearman rank correlation was used when at least one set of data were rank-ordered,
and point biserial correlation was used when a least one set of data was dichotomous
(Table I; Appendix B: Supplementary Material Table 1).

Statistical analysis
The pre-intervention student interest score was used as a covariable in the
ANCOVA to determine the degree to which change over a time is a factor and the degree
to which there is variation due to the number of virtual field trip modules completed by
the students. After adjusting for the pre-intervention student interest score, there is a
significant main effect for the number of modules completed (F [3, 589] = 17.55, p <
0.01; Table II, Figure 3). Post-hoc analyses using the Bonferroni method indicate that
students completing 3 modules (M = 58.12 on a scale of 0-70; Table I) were more
interested in learning geoscience than students completing 1 module (M = 51.58; t =
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5.77, p < 0.01) or 0 modules (M = 50.01; t = 6.38, p < 0.01). None of the other contrasts
were statistically significant.

Table II. Results from pre- and post-intervention surveys grouped by number of
completed virtual field trip modules
Pre-intervention

Post-intervention

N

mean

s.d.

N

Mean

s.d.

3 modules

218

48.78

5.3

218

58.12

9.3

2 modules

55

48.55

4.7

55

54.95

11.0

1 module

217

47.03

5.1

217

51.58

10.0

Control

104

47.22

5.7

104

50.01

11.4

Figure 3. Results of pre- and post-intervention Geoscience Interest Survey scores
(adjusted mean ranges from 0-100) for students having completed 0 (n=104), 1
(n=217), 2 (n=55), or 3 (n=218) virtual field trip modules (Table II).
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The HLM Null model yielded an intra-class correlation value of 0.129, which is
high enough (>0.1) to use HLM to address research question 2. The results of the
correlation table (Appendix B: Supplementary Material Table 1) are three statistically
significant predictor variables of student interest: 1) number of modules completed, 2)
having completed the Geologic Structures module, and 3) GIS pre-intervention score. The
number of modules completed and the Geologic Structures module are overlapping variables
that are correlated with each other, so the Geologic Structures module was dropped for
the model. The total number of modules completed variable has slightly better
correlation with the GIS post-intervention score and is overall more informative for this
study.
Six variables were identified as being theoretically significant predictors: 1) site
classification (teaching/research focus), 2) gender, 3) race, 4) ethnicity, 5) STEM major,
and 6) geology major. Ethnicity and race are correlated with each other, and ethnicity was
selected to go in the model. Similarly, STEM and geology majors completely overlap and
are correlated with each other, with only 22 declared geology majors in this study; this
variable was dropped from the model.
The HLM analysis was run as a two-level with six predictors: 1) GIS preintervention score (statistically significant), 2) number of modules completed (statistically
significant), 3) site classification (theoretically significant), 4) gender (theoretically
significant), 5) ethnicity (theoretically significant), and 6) STEM major (theoretically
significant). The first level was student-oriented and the second was site-focused and
the AIC and BIC (goodness of fit) values are decreased from the Null model, indicating
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the model is good (Table 3). The model results indicate that there are three strong
predictor variables for student interest toward learning the geosciences: 1) GIS preintervention score, 2) being a STEM major, and 3), the number of virtual field trip modules
they are exposed to and complete (Table III).

Table&III.&Results&from&HLM&modeling
Model&1
Model&2
Model&3
Null&Model Student&Level Complete Parsimonious
Student'Level
Constant
GeoIS&score&pre+
intervention
Gender
Race
STEM&major
#&Modules&
complete
Site&classification
Residual
Site'Level
GeoIS&score&pre+
intervention
AIC
BIC

15.10

101.94

5390.09
5403.83

0.97

5.78E/19

4.64E/18

1.07

1.08

1.08

0.79
0.29
3.58

0.78
G0.55
3.09

2.18

2.00

1.47

1.72

2.06
65.98

1.31
65.09

65.47

1.50

1.71

4169.36
4208.78

4158.09
4201.89

4169.52
4200.20
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Discussion
The virtual field trip modules tested in this study incorporate within their design
some fundamental field-trip features, primarily orienteering and physically moving
between geo-referenced field trip locations. The nature of this design allows for the “get
out of the classroom and contemplate geology with your peers” component of the field
experience to be had by all, even just on a campus quad or soccer field. The focus of this
research was to determine what impact on student interest in learning geoscience
material this virtual field trip experience provides, as interest has been shown to be the
best predictor of students pursuing additional classes in a subject area (Gilbert et al.,
2012; Harackiewicz et al., 2000; Hall et al., 2011).
The results of this study show that exposure to and completion of all three
mobile virtual field trips has a significant impact on student interest to learn the
geosciences (mean post-intervention interest ranking of ~58/70 for 3 modules over
~52/70 for 1 module and ~50/70 for 0 modules). It is important to note that the HLM
results suggest that completion of one single module has almost as much impact on
student motivation toward the geosciences as being a STEM major. This further
suggests that completion of two or three virtual field trip modules has the most
significant effect on increasing student motivation as they build upon each other. It is
also important to note the factors that were included in the models that were not at all
significant: ethnicity, gender, and site classification. These results indicate that the
virtual field trip modules were effective despite variation in student demographics,
which is in agreement with Gilbert et al. (2012) who found no change in student
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motivation across gender or ethnicity. Furthermore, the improvement in student
interest irrespective of site classification group suggests that the modules are impactful
regardless of teacher, type of institution, or geographic location. These findings
contrast with Chang et al., (2014) and Gilbert et al., (2012), who found students had
increased persistence at research universities and increased motivation at Liberal Arts
colleges over public universities and community colleges.
So, are these virtual Grand Canyon field trips valuable in comparison to real onlocation field trips? The results of this study indicate the virtual field trips are certainly
better than no field trip at all in terms of generating student interest. The gains in
student interest are expected (and were hoped for); in part because of the gamified
design of the field trip modules (involving “winning” or at least beating peers) and in
part because of the interactive out-of-the-classroom experience, emulating a real field
trip. Geoscience educators have long known that field trips are major attractors of
students to the science, and in the face of smart phones, mobile technology, games and
apps for everything, it is not surprising to find that this medium appeals to the current
generation of undergraduates. One could oversimplify the hypothesis and purpose of
this research by saying that since field trips are fun and games are fun, of course
gamified-virtual-field trips are fun! And if the students are having fun while learning
the course material, there is an expectation that their level of interest and motivation to
pursue the field will increase. Accordingly, we suggest that virtual field trips are better
than nothing, and in the face of economic, geographic and/or accessibility issues that
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some institutions face that are prohibitive of field trips, the virtual field trip modules
are an affordable and easily implemented solution.

Conclusion
The virtual Grand Canyon virtual field trips presented in this study have the
potential to be “student engagement tools” in introductory geoscience classes. They are
flexible enough to be used during a lecture period, a lab period, as homework, or as
supplementary activities for online learning. With the ubiquitous nature of
smartphones and tablets in the pockets and backpacks of undergraduate populations,
the virtual field trips are also budget friendly- many schools have tablets available to
lend from the library or information technology services for students who don’t have
their own devices.
In the face of the continuing decline in interest in STEM fields, including the
geosciences, earth science educators agree that field trips are a successful method for
engaging students. However, with increasing costs and high-enrollment classes field
trips are increasingly becoming prohibitive. Gilbert et al. (2012) state that many postsecondary geoscience educators rank student motivation as the most important driver
for student learning. If this is true, then this study presents a solution not only for
increasing student interest and engagement in the subject, but also the potential for
increasing student learning. The virtual Grand Canyon field trips for mobile smart
devices are an accessible, inexpensive field trip resource that can bring field trips to
campus in lieu of students experiencing none at all. Furthermore, the findings
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presented here are encouraging for this genre of pedagogy: perhaps creating virtual field
trips to other relatively inaccessible locations. Or, investigating the efficacy of a desktop
version in light of the challenging weather (Appendix B: Figure 1) that was experienced
during field testing, especially in comparison with the results of this study. Or,
generating different gamified mobile learning modules that are more exploratory and
user-directed, like real scientific inquiry, without a set path of a field trip. This is the
dawn of the generation and use of educational tools of this genre; that use technology
to a much fuller extent than Internet videos and digital slides.
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CHAPTER 4
BRINGING GRAND CANYON TO THE COLLEGE CAMPUS: ASSESSMENT OF
STUDENT LEARNING IN THE GEOSCIENCES THROUGH VIRTUAL FIELD TRIP
GAMES FOR MOBILE SMART-DEVICES1

Abstract
The well-documented trend of low persistence and lack of diversity amongst U.S.
students in science, technology, engineering and math (STEM) disciplines, including
geoscience, is partly because current introductory level geoscience education fails to
effectively engage students. Geoscience educators have long considered field trips to be
the most effective way of attracting students into the discipline. A solution for bringing
student-driven, engaging, kinesthetic field experiences to a broader audience lies in
ongoing advances in mobile-communication technology. This project developed three
virtual field trip experiences (geologic time, geologic structures, and hydrologic
processes) and tested gains in content comprehension for hundreds of students at five
different college campuses via smartphones and tablets.
The results of this research show that the degree of prior interest in the
geosciences, the students’ base-level understanding of the material, and whether or not
the student is a STEM major are primary predictors of learning improvement. Gains
brought by the intervention are generally minor, and not statistically different between

1
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intervention and control groups. Gender and race had no statistical impact on the
results, indicating that the virtual field trip modules have broad reach across student
demographics. Yet, because these modules have been shown to increase student interest
in learning the geosciences, future work should focus on improving their educational
impact and their eventual incorporation into curricula is inevitable.

Introduction
Current undergraduate geoscience education fails to effectively inspire and
engage students (Krockover et al., 2002; McConnell et al., 2003). This problem
contributes to the well-documented and reported trends of declining interest, low
persistence, poor preparedness, and lack of diversity amongst U.S. students in science,
technology, engineering and math (STEM) disciplines (e.g. Ashby, 2006; Fairweather,
2010; Seymour, 2001). A more effective alternative to teacher-centered, traditional
approaches is experience-based learning (Andresen et al., 1996; Deslauriers et al., 2011;
Mazur, 2009). In the geosciences, such experiential learning and problem solving is

delivered through field experiences, which include making observations and orienting
oneself spatially amongst natural topography (Bowen and Roth-Wolff, 2007; Fuller,
2006; Kastens et al., 2009; Mogk and Goodwin, 2012; Orion and Hofstein, 1994;
Simmons et al. 2008; Tal, 2001). Field excursions provide students with opportunities
to hone observational and critical thinking skills by distinguishing features amid visual
complexity (Kastens et al., 2009; Mogk and Goodwin, 2012). Indeed for geoscience, field
trips provide a primary map-reading (orienteering) and kinesthetic experience, similar
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to the role of lab experiments in physics and chemistry. Despite the value of field
experiences, they are often prohibitive due to increasing expense, liability, and time
constraints in the modern university and society (McGreen and Sánchez 2005), as well
as the large enrollments of many introductory courses. Further, they can be exclusive of
disabled and disadvantaged students, including those who are geographically challenged
by attending colleges far from illustrative geologic features.

A solution for bringing student-driven, kinesthetic field experiences to a broader
audience lies in ongoing advances in mobile-communication technology. Although these
technologies can represent a communication gap between incoming freshmen and
educators (Dahlstrom and Bichsel, 2014; National Higher Education ICT Initiative
2007; Perlmutter, 2011), studies have shown that simulations, games, and virtual field
trips increase students’ motivation and understanding (previous chapter; Bell et al.,
2009; Honey and Hilton, 2011; Johnson and Johnston, 2013; McGreen and Sánchez,
2005). Recent research has investigated the use of mobile devices, such as smartphones,
to further contextualize learning so that students can concentrate on learning the
material rather than on how to use the tool (Clough et al., 2008; McGreen and Sánchez,
2005; Roschelle, 2003). Finally, smartphone and tablet computer technologies are
increasingly ubiquitous amongst college students (Dahlstrom and Bichsel, 2014; PIALP,
2013). Thus, there is a developing opportunity to teach key geoscience concepts in
spatially oriented context to address misconceptions with the technology already in
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students’ hands (see Chapter 2). Yet, the question remains: do virtual field experiences
actually improve learning?
The objective of this research is to determine the impact virtual field trips have on
student learning of geoscience concepts in introductory geoscience classes in a variety
of post-secondary environments. The virtual field trip modules tested are accessible to
students of diverse backgrounds and physical abilities, and are easily incorporated into
higher education programs and curricula at institutions globally. Specific research
questions for this study are:
1. How does experiential learning with mobile virtual field trips impact student
learning of geoscience concepts?
2. Which student and institution factors combined with the virtual field trip
modules best predict changes in student learning of geoscience concepts?

Overview of the Virtual Grand Canyon Field Trip Modules
The virtual field trip modules developed for and tested in this study are based on
relative GPS locations; this means that the starting location is set as the origin for the
rest of the game. The app development platform GeoBob (http://geobob.usu.edu) made
by the Interactive Design for Instructional Applications and Simulations (IDIAS;
http://idias.usu.edu/) lab at Utah State University was used for the original design of
the virtual field trips. The concept for the modules was modified after the series of
location-based GeePerS math games also built by the IDIAS lab using GeoBob (Shelton
et al., 2012). The virtual Grand Canyon field trip modules address key curriculum
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concepts and misconceptions about geologic time, geologic structures, and hydrologic
processes. These themes were selected for their universality among introductory
geoscience courses (see Chapter 2). After the broader constructs had been selected, a
workshop with collaborating geology and education faculty to determine which content
areas within the broader constructs would be best to teach these themes to their classes
given their curriculum and the Grand Canyon geology that would best exhibit them.
This collaboration resulted in the following constructs: A) for geologic timestratigraphic principles, unconformities, relative dating, numeric dating, and human vs.
geologic time; B) for geologic structures- stress and strain, folds, faults, strike and dip,
and plate tectonics (as related to faults); and C) for surface water processes: hydrologic
cycle, fluvial hydrology, sediment transport, groundwater, and human influence on
surface water.
The modules are geo-referenced, using relative GPS locations requiring the
students to physically navigate a scaled-down Grand Canyon landscape. The starting
location is set as the origin for the rest of the game. All of the locations and distances
that the player interacts with are generated from this initial starting point. Each virtual
field trip location is geo-referenced: it is sited and oriented relative to the other
locations within Grand Canyon, but the entirety of Grand Canyon has been scaled down
to a 100 m long playing field. The geographic location of the player does not matter; the
player could be in the United States, Japan, Africa, or Europe, however since GPS is
integrated into the application, the module must be played outside. The design takes
advantage of the benefits of games that provide immersion-in-context, rewards for
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correctness (increasing motivation), and immediate feedback in response to student
interaction, in this case including interaction with correct/incorrect responses as well as
interacting by tapping/swiping observations on the touchscreen of a smartphone or
tablet. Studies have shown that these gaming features contribute to increased student
engagement through greater self-confidence and self-efficacy (previous chapter; Mayo,
2009).
All three modules use the same base-map image of Grand Canyon and begin at
the traditional rafting trip launch of Lees Ferry. Between Lees Ferry and Lake Mead,
each module has 10 different field trip stops that represent outstanding real world
examples of curriculum content for the three distinct geologic themes. The field trip
stops appear in sequence after a multiple-choice question and interactive touchscreen
task have been answered correctly (see Chapter 2). Points are allocated to each question
based on the number of attempts, and incorrect answers trigger explanations of the
answer selected so that the student can immediately know why the answer they chose is
or is not correct (Figure 1). Interactive touchscreen activities either require the student
to identify and tap on a geologic feature, or swipe the screen to draw a line (along a fold
axis or on a graph) or indicate the direction of movement of a fault’s hanging wall
(Figure 1). Each module takes approximately 20 minutes to play through, a length of
time aimed to capture the typical student’s attention span (Middendorf and Kalish,
1996; Milner-Bolotin et al., 2007).
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Figure 1. Example screens illustrating features of the virtual field trip modules. A-C are
feedback on incorrect responses for locations in the geologic time, geologic structures,
and hydrologic processes modules respectively. D-E are touchscreen activities from the
geologic structures and hydrologic processes modules respectively.

Research Design

Participants
The virtual field trip modules were tested in introductory (first year) physical
geology and earth science classes at collaborating institutions (names have been
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changed to preserve anonymity). The diverse student population included STEM
majors, non-majors fulfilling their general education science requirement, community
college students, large public university students, and private liberal arts college
students. Typical enrollment in these introductory geoscience courses is dependent on
the institution and ranges from as low as 20 to as high as 300 students.

Assessment instruments
Evaluation instruments encompassing interest in the geosciences and
understanding of introductory-level geoscience concepts, as well as a demographics
survey were used at the beginning of the semester and content-specific assessments
after each intervention was complete (Appendix B). These assessment results were
analyzed and compared across demographic groups (race, ethnicity, gender, age), preintervention interest, and institutions: research-focus, teaching-research split, and
teaching-focus.
The content-specific tests were assembled from questions pulled from the digital
library of earth science education (DLESE) and the science education resource center
(SERC) at Carleton College; including the geoscience concept inventory (GCI) and
ConcepTests. These assessment resources have been proven successful in geoscience
education research studies (Libarkin and Anderson, 2005; McConnell et al., 2003, 2006;
Petcovic and Ruhf, 2008). DLESE is a comprehensive online source for geoscience
education that contains a collection of pedagogically sound, technologically robust, and
scientifically accurate resources, including multiple-choice assessment questions, about
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the Earth system. ConcepTests and the GCI are conceptual multiple-choice questions
that focus on a single concept, are clearly worded, of intermediate difficulty and have
good multiple-choice answers. Workshop participants vetted the questions from these
sources and agreed upon the final ten selected to assess each module theme.
The research protocols were waived by the Utah State University Internal Review
Board (IRB). Student participation was not voluntary; rather the virtual field trip
modules were incorporated into the course curriculum by collaborating faculty.

Variables and statistical methods
To examine students’ gains in content understanding of geoscience material,
nested repeated measures analysis of covariance (ANCOVA) and regression models were
run. The ANCOVA statistical examination of pre-post scores was used to determine the
degree to which change over a time is a factor and the degree to which there is variation
due to the institution the students attend.
To address which student and institution factors are predictors of student
learning of geoscience material, the relationship between the various student groups
that comprise the study sample and their performance on concept tests pre- and postintervention were examined. Institutional variables (teaching-focus, teaching-research
split, research-focus), student focus variables (geology majors, science majors, nonscience majors, pre-intervention interest), and demographics (race, ethnicity, gender,
age) were of particular interest (Appendix B Supplementary Material Table 1 for
correlation of all variables). Multiple regression analysis is used to test the impact of
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two or more predictor variables on a single outcome variable. Multiple regression allows
an examination the joint effect of all the predictor variables on the single outcome while
parsing out the influence of each individual predictor as well.

Results
The Geologic Time module was completed by students at all participating
institutions (n = 540, Table I). Students at Cambrian College, Silurian College,
Ordovician University and Archean University completed the Geologic Structures
module (n = 315, Table I). Only Cambrian College, Ordovician University and Archean
University completed the Hydrologic Processes module (n = 219, Table I). Although the
ANCOVA reveals no statistically significant differences between intervention and
control groups on content-specific performance from pre- to post-assessment (Table I),
all students did significantly improve their knowledge over the time of the study (Figure
2).

Table I. Results from pre- and post-intervention content assessment (10 points total)

participant
control
total

Geologic Time
R2 = 0.101 p = 0.69
F (1,651) = 0.16
Pre-test Post-test
n mean s.d. mean s.d
540 3.91 1.6 4.90 1.7
114 3.63 1.6 4.74 1.8
654 3.86 1.6 4.87 1.7

Module
Geologic Structures
R2 = 0.072 p = 0.53
F (1,496) = 0.40
Pre-test Post-test
n
mean s.d. mean s.d
315 3.93 1.9 5.53 2.1
184 3.20 1.5 5.17 2.4
499 3.66 1.8 5.40 2.2

Hydrologic Processes
R2 = 0.150 p = 0.55
F (1,442) = 0.36
Pre-test Post-test
n
mean s.d. mean s.d
219 4.17 1.9 4.77 2.1
226 3.81 1.9 4.51 2.0
445 3.99 1.9 4.64 2.0
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Figure 2. Results from the content assessments pre- and post-intervention (scale from
0-10). Circles and diamonds represent control and participant groups respectively.
Orange (T) is geologic time, purple (S) is geologic structures, and blue (H) is hydrologic
processes.

Gains are generally minor, from a score of 3.9 to 4.9 out of 10 for geologic time,
3.7 to 5.4 out of 10 for geologic structures, and 4.0 to 4.6 out of 10 for hydrologic
processes (Table I). Students showed the most improvement with geologic structures,
and the least with hydrologic processes, regardless of their experience with the virtual
field trip modules.
Reliability (repeatability of the outcomes measured in the content assessments)
in the form of Cronbach’s alpha (scale 0-1) is a limitation of this study. For geologic
time Cronbach’s alpha is 0.43, for geologic structures it is 0.59, and for hydrologic
processes it is 0.47. Reliability for the assessments is not strong in part because the
constructs cover a broad range of material within each content area. For example, the
constructs presented within the geologic time assessment include the principles of
relative dating, numeric dating and the idea of human versus geologic time. The
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limitation is that in order to cover the required content for a particular theme in
geology, in a reasonably short assessment, there is a sacrifice of the strength of the
reliability test. In contrast, statistical validity (separate from reliability) for these
measures are robust and as follows.
For all the content area assessment validity checks there are ten variables
(content questions) loaded onto a single factor with similarly ranging factor loadings.
Geologic time, with 802 observations, had factor loadings ranging from 0.21 to 0.58.
For geologic structures and hydrologic processes, factor loadings ranged from 0.22 to
0.49 with 618 observations and from 0.22 to 0.61 with 529 observations, respectively.
These numbers of observations and range of factors are a reliable indication (Stevens,
1999) that the questions are capturing the same construct, suggesting good validity for
the measure. The factor loadings data suggest that we should drop two to five of the ten
questions for stronger validity, however the analyses do not appreciably change when
these variables are dropped. Furthermore all assessment questions are being kept for
the analysis for consistency and because those selected for the content assessment test
are important and address all components of the three introductory geology themes.
The ANCOVA for all three content areas indicates good prediction of post-test
score (Table II). For geologic time F (8, 640) = 739.26, p < 0.01, and R2 = 0.90,
suggesting that 90% of the variability in these scores can be attributed to the
combination of predictor variables (pre-test score, gender, ethnicity, STEM major,
completed virtual field trip, and site classification). For geologic structures F (8, 486) =
440.88, p < 0.01, and R2 = 0.88, suggesting that 88% of the variability in these scores
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can be attributed to the combination of predictor variables. For hydrologic processes F
(8, 432) = 361.75, p < 0.01, and R2 = 0.87, suggesting that 87% of the variability in these
scores can be attributed to the combination of predictor variables.
The intra-class correlation (ICC) values for the Null models are as follows: A) for
geologic time, ICC = 0.064; B) for geologic structures, ICC = 0.091; and C) for hydrologic
processes, ICC = 0.108. The threshold enabling HLM is ICC = 0.1, so HLM is not
warranted for either geologic time or geologic structures. For consistency, multiple
regression was used for all content areas.
For all three modules there are three individual predictors that consistently have
significant, positive, correlations to student performance: prior interest in (motivation
to learn) the geosciences, their content-area pre-intervention score, and whether or not
the student is a STEM major (bolded in Table II). There is also one factor that is a strong
negative predictor of student performance for geologic structures: if the site is a
teaching-focus (open-enrollment) institution. The variables of gender and ethnicity
were left in the model to illustrate their lack of statistical significance, suggesting the
virtual field trip modules have broad reach across various student demographics.
Being a STEM major is the strongest predictor of the final content-specific score
(Table II; geologic time correlation coefficient = 0.56; geologic structures correlation
coefficient = 0.80; and hydrologic processes correlation coefficient = 0.63). As expected,
the pre-score is a statistically significant predictor of the post-score (Table II; geologic
time correlation coefficient = 0.31; geologic structures correlation coefficient = 0.29;
and hydrologic processes correlation coefficient = 0.35). The students’ geoscience
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interest survey score (previous chapter) from the beginning of the semester is
statistically significant but not as strong a predictor of final score (Table II; geologic
time correlation coefficient = 0.06; geologic structures correlation coefficient = 0.10;
and hydrologic processes correlation coefficient = 0.06).

Table&II.&Multiple&regression&analyses&for&content6specific&outcomes&from&virtual&field&trip&modules

Variable
geoscience&
interest&survey&
pre6score
content&pre6
test&score
gender
race
STEM&major
completed&
module
site:&teaching/&
research
site:&teaching

Geologic&Time
n&=&648
R2&=&0.901
F&(8,&640)&=&739.26
coeff. std.)error
t
P>|t|

Module
Geologic&Structures
Hydrologic&Processes
n&=&494
R2&=&0.877
n&=&440
R2&=&0.868
F&(8,&486)&=&440.88
F&(8,&432)&=&361.75
coeff. std.)error
t
P>|t| coeff. std.)error t P>|t|

0.0640

0.006

11.40 0.000 0.1017

0.007

13.64 0.000 0.0622

0.007

8.30 0.000

0.3135

0.041

7.61 0.000 0.2892

0.054

5.37

0.000 0.3509

0.048

7.28 0.000

0.1484
0.1344
0.5596

0.129
0.210
0.184

1.15 0.250 0.1321
0.64 0.523 0.1527
3.05 0.002 0.8008

0.185
0.273
0.252

0.71
0.56
3.18

0.476 0.0451
0.576 60.0733
0.002 0.6338

0.175
0.269
0.247

0.26 0.796
60.27 0.785
2.57 0.011

0.5088

0.181

2.81 0.005 60.1734

0.263

60.66 0.511 0.5142

0.339

1.52 0.130

0.1583

0.213

0.74 0.458 ,0.9224

0.284

63.25 0.001 0.1139

0.311

0.37 0.714

,0.6917

0.252

62.75 0.006 ,1.0376

0.313

63.31 0.001 ,0.6753

0.315

62.15 0.032

For site classification, “research-focus institution” was used as the reference
group (coefficient of 0), so this is not shown on Table II. From that baseline group, the
site classifications “teaching-research split” and “teaching-focus” are measured by how
far removed from that baseline their results are. For all three virtual field trip modules,
results indicate that being at a teaching-focused institution is a strong predictor of less
improvement in understanding of material relative to research-focused institutions
(Table II; geologic time correlation coefficient = -0.69; geologic structures correlation
coefficient = -1.04; and hydrologic processes correlation coefficient = -0.68). Along the
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same lines, the results show that there is a statistically significant performance decrease
(correlation coefficient = -0.92) among students at split-focus teaching-research
institutions for geologic structures (Table II). Finally, results from the multiple
regression model for geologic time shows a statistically significant increase (correlation
coefficient = 0.51; Table II) in the content assessment for participants who completed
the geologic time virtual field trip over the control groups. These latter, module-specific,
results may actually be mapping curriculum variation between participating
institutions.

Discussion
Although some gains in student performance are seen for all groups on the
content assessments, none of the mean scores are over 55%, far from “good” – or even
passing – grades. To this end, it is important to bring up that these assessment tests are
difficult, and these results do not represent students failing introductory geology
concepts, but a rather more advanced level instead. A difficult assessment test results in
the exposure of subtle gains, whereas an easy assessment would likely mask these
changes, making discerning improvement impossible.
Improvement in learning was consistent across participants, but it is interesting
that the students in the intervention groups consistently scored higher on the pre-tests
than the control groups. This coincidental occurrence is immaterial to the results, as the
relative increased score for the post-tests are equivalent for both groups.
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In the case of the geosciences, a STEM field, the variable STEM major is an
expected predictor of increased post-test scores because that group of students has a
declared interest and ability in the sciences. Student motivation to learn the material,
their score on the Geoscience Interest Survey, was expected to be a valuable predictor as
motivation is ranked as the most important driver for student learning by many postsecondary geoscience educators Gilbert et al. (2012). While the results of this study do
show that student interest is a statistically significant predictor of student learning, it is
not a major driver of increased post-test scores. Gender and ethnicity were considered as
predictor variables because of the nation-wide and decades-long concern over increasing
the numbers of minorities in STEM fields (Ashby, 2006; Chang et al., 2014; National
Research Council [NRC], 2011). These variables had no significant impact on post-test
scores, and it seems that gender and ethnicity are also not significant predictors of
student interest and motivation to learn the geosciences (previous chapter; Gilbert et
al., 2012).
The variability of student success for each virtual field trip theme across site
classifications may be mapping a disparity in curriculum consistency across institutions
as well as the student populations present at (attracted to) particular institution types.
It is also important to consider that the teaching-focused institutions in this study
represent community colleges with open admission policies, giving those institutions
access to a broader array of students than the other collaborating schools.
Finally, it is clear that these virtual field trip modules are not decreasing or
detracting from student learning. The virtual field trips have been shown to improve
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student interest in learning the geosciences (previous chapter), so even at this stage in
the project they have the potential to improve student engagement and retention in the
science, without negatively impacting student learning. In the future it will be
important to determine what improvements it would take for these virtual field trip
modules to actually improve student learning as well as student interest.

Conclusion
The near future in science education will involve mobile technology, but do
game-like mobile apps that simulate field trip experiences work, educationally
speaking? The results of this study show that these virtual field trip modules do not
decrease student learning, and from this fact it is clear that they cannot make up for
curriculum gaps across institutions or replace curriculum in the classroom. In the case
of the geologic time virtual field trip, the statistics (Table II) suggest that completing
this module did actually contribute to an increased post-test score, but not by much.
The major factors that correspond to student learning are, as might be expected,
students that have self-identified as STEM majors, have self-identified as being
interested in the material, and students that had a better base-level understanding of
the material. By contrast, the lack of impact on post-test scores across ethnicities and
genders suggest that these modules are accessible across a broad swath of student
demographics. The virtual field trip modules have been shown to increase student
interest in learning the geosciences (previous chapter), thus it can be predicted that
increased interest combined with broad appeal across demographics should lead to
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increased student performance down the road. In consideration for future work are
what improvements, features, or intervention methods are needed for mobile
technology-based pedagogy like this to be effective educationally, not only
motivationally?
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CHAPTER 5
ROCK STRENGTH ALONG A FLUVIAL TRANSECT OF THE COLORADO PLATEAU –
QUANTIFYING A FUNDAMENTAL CONTROL IN GEOMORPHOLOGY 1

Abstract
Bedrock strength is a key parameter in determining slope stability, landscape
erosion, and fluvial incision, though it is often ignored or indirectly constrained in
modeling, as with the k erodibility parameter in stream-power formulations. Empirical
datasets of rock strength suited to address geomorphic questions are rare, in part
because of the difficulty in measuring those rocks that are heterolithic, weak, or poorly
exposed. Here we present a large dataset of measured bedrock strength organized by
rock units exposed along the length of the trunk Colorado-Green River through the
Colorado Plateau of the western United States. Measurements include Selby Rock Mass
Strength, fracture spacing, and field compressive tests at 168 localities, and 672
individual-sample laboratory tensile-strength tests. Rock strength results are compared
to geomorphic metrics of unit stream power, river gradient, and channel and valleybottom width through the arid Colorado Plateau, where the influence of bedrock is
intuitive but unquantified.
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Bedrock type, age, and induration correlate positively with tensile strength. In
bedrock reaches of the fluvial transect, there is a positive rank-correlation and a strong
power-law correlation between reach-averaged rock strength and unit stream power, as
well as a linear relation between tensile strength and river gradient. To constrain the
values of immeasureable rock types, we utilize the inverse power-law scaling between
tensile strength and valley-bottom width to estimate the “effective” tensile strength of
heterolithic, shale-rich bedrock in alluvial reaches. Results suggest that erodibility varies
to at least an order-of-magnitude smaller values than evident with directly testable
rocks in this landscape. Values for the dimensional coefficient of erodibility (k), which
incorporates lithology as well as other factors in numerical simulations, may be
informed by this dataset to improve landscape evolution models. Overall, results
support the hypothesis that bedrock strength is the first-order control on large-scale
fluvial geomorphology in the Colorado Plateau, complicating the interpretation of
topography in terms of tectonic drivers.

Introduction
Landscape evolution occurs through the interplay of tectonics, climate, and
erosional processes acting upon the geologic substrate to shape terrain over time. There
has long been agreement that bedrock erodibility is a first-order control in landscapes
(e.g. Playfair 1802; Gilbert 1877; Hack 1960), but this idea is generally couched in vague
terms because of a lack of data relating rock strength to geomorphology. For example,
Hack’s (1975) classic conceptual model of dynamic equilibrium in landscapes over long
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timespans relates the balance between bedrock resisting forces and erosional driving
forces. He recognized that areas of resistant rock are higher in steepness and relief than
areas of “soft” rock, even assuming that erosion rates may be uniform across the entire
landscape. Bedrock strength is most explicitly studied in the context of slope stability,
and landscape-evolution research has focused on its role in setting the failure-threshold
of slopes and thus limits to topographic relief and form (Strahler 1950; Selby 1980;
Schmidt and Montgomery 1995; Burbank et al. 1996). Likewise, where rivers are in
contact with varying bedrock, equilibrium theory predicts a correlation between channel
steepness or stream power and bedrock resistance, with a river’s gradient and width
adjusted to provide the driving forces necessary for incision and maintenance of baselevel (Mackin 1948; Stock and Montgomery 1999; Whipple and Tucker 1999). In the
case of our Colorado Plateau study area, Powell (1895) recognized very early a
connection between old, resistant rock units and steep, treacherous gorges along the
Colorado River, an observation crucial to the success of his expedition:
“A river maybe hundreds of miles in length. As it flows along, it passes
through rocks of varying degrees of hardness... …In this manner the river
is divided into lengths, or reaches. Along its course where the rocks are
hard, the stream is narrow and swift, with rapids and falls; where the
rocks are soft, it is wide and quiet.”
Despite these basic expectations, most modern research in tectonic
geomorphology and landscape evolution has effectively ignored or downplayed bedrock
strength as an important control. It is not clear what data on bedrock characteristics are
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specifically applicable to surface processes, such as inherent compressive or tensile
strength, fracturing, or some combination of those. Finally, how to integrate such data
into landscape evolution models is poorly developed (Pazzaglia 2003; Tucker and
Hancock 2010). Contrasting with these trends is recent research hypothesizing that the
preferential erosion of weak bedrock accounts for broad patterns of erosion and
isostatically driven uplift (Korup and Schlunegger 2009; Roy et al. 2009; Pederson et al.
2013).
In research on the erosion of bedrock streams, rock properties have been
recognized as a primary control of channel form as well as processes and rates of river
incision (Hack 1975). Stock and Montgomery (1999) explored bedrock influence on
fluvial processes based on a form of the stream power law and numerical models of river
profiles suggesting that, as the erodibility factor (k) varies with lithology, so should
incision rates. This result has been confirmed by laboratory and field studies (Sklar and
Dietrich 2001; Wohl and Merritt 2001; Stock et al. 2005), in particular that channel
width decreases in reaches of resistant bedrock, sometimes without changes in gradient
(Montgomery and Gran 2001; Montgomery 2004). Yet, varying bedrock type along a
river’s length can also create knickpoints (Miller 1991; Goldrick and Bishop 1995; Berlin
and Anderson 2007), with the base-level signal diffusing quickly through channels in
weak rock units and remaining focused on resistant rocks as it migrates upstream
(Gardner 1983; Cook et al. 2009). Confounding any simple relation between rock
strength and fluvial incision is the effect of the size and amount of sediment load,
either used as tools for incision or covering the bed and preventing it (e.g. Howard
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1998; Whipple and Tucker 2002; Sklar and Dietrich 2006; Johnson et al. 2009). Yanites
and Tucker (2010) model how the erosion of a bedrock river is moderated by channel
width. They find that width and gradient should scale as a changing function of
sediment load and bed cover. These findings indicate that unraveling the complex
controls on the incision of bedrock streams requires not only actual measurements of
rock properties, but also knowledge of width, gradient, discharge, and sediment supply.
Another challenge with intact rock strength measurements is sampling bias. We
are limited to rock units that outcrop and are not too fractured, thinly bedded, or poorly
indurated to withstand field measurements, sampling and coring. These limiting factors
tend to exclude mudrocks and, in the case of mixed sedimentary formations, results in
unrepresentatively resistant values because the stronger beds are available for sampling
while the weak, shaley or heavily fractured beds are not.
In an effort to determine the influence of bedrock strength in the evolution of
this iconic landscape, we present a comprehensive, empirical dataset of multiple
measures of rock strength along the trunk drainage through the Colorado Plateau. We
focus on tensile strength and bedrock; we then explore basic functional relations
between those data and reach-scale stream power and fluvial-topographic metrics. We
utilize a power-law correspondence of valley width to bedrock tensile strength to
estimate “effective” tensile strength values, and thus relative erodibility, for the weak or
shaley bedrock types that cannot be directly tested. Our broader goal is to offer this
dataset of rock strength, erodibility, and other metrics across the Colorado Plateau as
an empirical asset for colleagues to further utilize.
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Figure 1. Map of the Colorado Plateau (black outline) and the upper Colorado River
drainage basin (grey outline) and its major bedrock terrains. The trunk drainage,
depicted in dark blue, is studied here, as illustrated in Fig. 3. The four canyon
knickzones along the river are indicated.

The patterns and controls on topography and erosion in the Colorado Plateau is
complicated by the potential influence of different sources of baselevel fall/uplift and
transient incision. This landscape experienced a ~1500 m baselevel fall 6 million years
ago with the integration of the Colorado River across the southwestern edge of the
Colorado Plateau (Pederson et al. 2002; Karlstrom et al. 2008). This signal propagated
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upstream, setting into motion isostatic feedbacks, in a still-evolving landscape where we
expect to see transience in erosion and topography (e.g. Cook et al. 2009; Pederson et al.
2013). In addition, there are hypothesized sources of differential uplift, or broad tilting
along the flanks of the Colorado Plateau from mantle effects (Moucha et al. 2009; Roy
et al. 2009; Levander et al. 2011). Our approach is to test the hypothesis that the
Colorado River’s profile is in dynamic equilibrium with reach-scale bed resistance
imparted directly by bedrock or indirectly by the bedload it supplies (Pederson and
Tressler 2012). If so, then unit stream power, width and gradient of those reaches
where the river is in some contact with bedrock should be adjusted to bedrock
resistance and have coherent relations in our dataset. If these correspondences do not
exist or have exceptions in particular reaches, then the differential uplift or
disequilibrium, transient conditions may dominate. Results confirm that bedrock
resistance is a first-order control on landscape form, given the example of the highly
irregular long profile of the Colorado-Green River System.

Background

Bedrock strength measures
Multiple approaches exist to quantify rock strength in geomorphology. For
hillslope stability and form, strength analysis stems from Mohr-Coulomb failure,
relating cohesion and frictional resisting forces to gravitational driving forces, pore
pressure, and fractures (Selby 1993; Schmidt and Montgomery 1995). Threshold
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hillslope angles have been related to the limits of topographic relief in steady-state
landscapes and to strength-equilibrium of weathering-limited slopes (Penck 1953; Selby
1993; Schmidt and Montgomery 1995; Whipple et al. 1999). Engineering geology
applications frequently focus on fracture and use Rock Quality Designation (RQD)
(Deere 1964) or other descriptors, especially when core is evaluated for estimating
support capability of tunnels. The Selby Rock Mass Strength (RMS) semi-quantitative
field classification includes compressive-strength measurements in overall rock mass
competence to capture hillslope stability (Selby 1980; Moon 1984). In addition to in situ
compressive strength, six other factors of weathering, groundwater presence, and
fracture-spacing, -orientation, -continuity, and -width are given values that sum to
express total rock-mass strength. Moon (1984) first modified this method, and others
have continued to modify it according to their applications, especially attempting to
capture the strength of soft rocks (Moon et al. 2001; Brook and Hutchinson, 2008).
Proxies such as Selby RMS, the Geologic Strength Index, and the Rock Mass Rating fail
to provide a quantifiable link between rock strength and geomorphic process. A solution
focused on hillslope applications and fracturing, Clarke and Burbank (2011) advocate
using seismic (P-wave) velocities to quantify depth-dependent variations and
mechanical properties. Regardless, none of these approaches address the resistance of
rock to fluvial erosion processes.
In geomorphology, the compressive strength of rocks is typically estimated
using a Schmidt hammer in the field. Schmidt-hammer measurements are of elastic
rebound percentage and can be converted to compressive strength in MPa through an
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empirical relation. The rock must be far enough from joints and bedding planes to get a
correct reading of inherent elasticity (Young’s Modulus). Consequently shale and other
thinly bedded rocks cannot be tested with a Schmidt hammer. Measuring only less
fractured rock may result in biased data not representing the overall formation. Many
researchers have used Schmidt hammer measurements for establishing erodibility with
respect to fluvial systems, typically ignoring fracturing and any rocks that are too weak
to measure directly (e.g. Schmidt and Montgomery 1995; Sklar and Dietrich 2001; Wohl
and Merritt 2001; Attal et al. 2008; Cook et al. 2009). Yet, incision into bedrock by
streams, and general surficial erosion, occurs through breakage in tension, not
compression, and is strongly dependent on bedrock fracturing (Whipple et al. 2000;
Dühnforth et al. 2010). The physical experiments of Sklar and Dietrich (2001) have
shown that tensile rock strength is correlated to erosion rate, at least in geomorphic
systems dominated by abrasion. Our data for this study include Selby RMS and Schmidt
hammer compressive strength, but we focus our analysis on tensile-strength
measurements for these reasons.
Tensile strength for geomorphic studies is determined by the Brazilian splitting
test in the lab (Vutukuri et al. 1974; Gunsallus and Kulhawi 1984). Andreev (1991)
suggests the Brazilian test is valid for rocks that exhibit brittle failure, and not valid for
rocks that have a low ratio of compressive strength to tensile strength. The calculation
of tensile strength from splitting-test failure is a two-dimensional approximation for
three-dimensional elastic behavior, and hinges upon this approximation being exact on
the planes that bisect a cylinder’s diameter (Wijk 1978). The Brazilian test is conducted
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on thin rock discs, because for “sufficiently thin” samples two-dimensional results are
considered accurate (Wijk 1978). The standard Brazilian test utilizes 25.4 mm (1 inch)
thick and 50.8 mm (2 inch) diameter discs, and a uniaxial stress is applied until a
primary fracture forms parallel to the loading vectors. The load (p in N) required to
induce failure is used to calculate the tensile strength (σt in MPa) of the rock using:
σt=2p/πLD,

(1)

where L (mm) and D (mm) are the length and diameter of the discs being tested. Note
that the p required to break a rock in tension is not the same as the Schmidt hammer
measured compressive strength of that rock. Similar to Schmidt hammer
measurements, the Brazilian splitting test is limited to rocks that are coherent enough
to be transported, cored, and made into discs.
From rock mechanics, it is suggested that compressive strength is proportional
to tensile strength as follows:
σt=C/2,

(2)

(Griffith 1924; Jaeger et al. 2007), however this assumption is inconsistent at outcrop
scale: there is significant scatter (Fig 2) for the formations we measured. This result is
expected because of natural rock variability, limitations of sampling, and contrasting
measurement methods, as small samples tested in the lab may exclude rock
heterogeneities that affect outcrop-scale strength.
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Figure 2. Bedrock compressive versus tensile strength as averaged for the 49 study
reaches along the Green-Colorado River drainage. Relatively poor correlation is likely a
result of natural outcrop-scale variability in bedrock sampled and differences in
measurement methods.

Bedrock erodibility in fluvial geomorphology
The stream power erosion law is often used to examine the work done by
bedrock streams, especially for modeling landscape evolution. It describes the rate of
incision (E) as a function of a scalar k, and contributing drainage area (A) used as a
proxy for discharge and channel gradient (S), raised to the power of m and n,
respectively:
E=kAmSn,

(3)

The constants m and n tend to be set as prescribed from mathematical derivation. The
dimensional coefficient k represents overall erodibility by collapsing the effects of

81
bedrock resistance, climate and runoff efficiency, channel width scaling, and sediment
load together in a single parameter (Howard and Kerby 1983; Stock and Montgomery
1999; Whipple and Tucker 1999). Bedrock resistance is central to setting the k
erodibility, but which rock properties and processes govern susceptibility to erosion has
been called the “k-problem” (Burbank and Anderson 2012). Numerical modeling studies
typically estimate k from topography or adjust values to yield model results that
resemble patterns found in nature rather than using direct measurements (Howard et
al. 1994; Stock and Montgomery 1999; Whipple and Tucker 1999; Wohl and Merritt
2001; Attal et al. 2008). In an especially pertinent modeling example that simulated the
erosion of Grand Canyon, Pelletier (2010) divided the canyon’s stratigraphy into two
assigned k value groupings and tuned those values such that model results best matched
the observed knickzones along two tributary drainages.
Fluvial incision into bedrock occurs by abrasion, plucking, cavitation and
solution. The efficacy of each of these processes is strongly dependent on bedrock
structure; plucking is dominant on well-jointed, bedded or fractured rocks regardless of
composition, whereas abrasion and cavitation dominate in massive rocks (Whipple et al.
2000). All these erosional processes involve rocks breaking in tension (Whipple et al.
2000; Sklar and Dietrich 2001), suggesting that tensile strength and the spacing and
continuity of fractures should be of primary importance. Sklar and Dietrich (2001,
2004, 2006) established that abrasion rate in experiments decreases as tensile rock
strength increases with a power-law exponent of about -2, matching model
expectations. Furthermore, sediment supply and bed cover are important factors in
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bedrock incision, and modeling indicates that ignoring these cover and tool effects
result in inaccurate predications of incision rate and channel gradient. Partial or total
bed coverage controls the exposure of rock and the tools available to do the work of
incision, and tool supply is not limited to the bedload transport capacity because fine
sediment carried in suspension also contributes to bedrock incision (Sklar and Dietrich
2001, 2004, 2006; Gasparini et al. 2007; Lamb et al. 2008). Results exploring the
sediment cover effect suggest that the gradient of sediment-rich streams incising weak
to moderately strong bedrock is set by the requirement to transport bedload rather
than cut bedrock (Sklar and Dietrich 2004, 2006).
The Colorado Plateau is comprised of a great variety of massive to thinly-bedded
or fractured rocks, including metamorphic, sedimentary, and intrusive and extrusive
igneous units (Figs. 1 and 3). The dominant fluvial incision process must change from
plucking in highly fractured rocks to abrasion in massive rocks from reach to reach. The
Colorado River is a mixed bedrock-alluvial river (Howard 1998), and bedrock gorges
alternate with alluvial valleys where the river has not been in contact with bedrock
during the Holocene. Though the river currently does not directly impinge upon
bedrock in such reaches, including in Grand Canyon, it has obviously done so over
longer geologic history, and its bedload is of a size and abundance that is indirectly
controlled by local lithology (cf. Hanks and Webb 2006). Furthermore, the natural
sediment load of this river system is high, so bed-cover effects should play a role.
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Research Design
Our data were collected along the length of the trunk drainage starting in
Wyoming where the Green River crosses the Bridger Basin through the PaleogeneEocene Green River Formation (Figs. 1 and 3). Flowing south, the river enters the Uinta
Mountains knickzone in Red Canyon’s Proterozoic Uinta Mountain Group
sandstone/quartzite, the Cenozoic Browns Park tuffaceous siltstone, and the same
Proterozoic and then Paleozoic sedimentary rocks in the canyons of Dinosaur National
Monument (Fig. 3). The Green River flows over the shale-rich upper Mesozoic and
Cenozoic strata of the Uinta Basin and the Desolation knickzone. Mesozoic sedimentary
rocks dominate the river corridor through the central Colorado Plateau. Where the
Green River reaches its confluence with the Colorado River, it plunges through a
window of Paleozoic rocks in the short, steep Cataract knickzone. The Grand Canyon
knickzone, at the downstream end of the Colorado Plateau, is carved in Paleozoic and
Proterozoic strata, eventually encountering Proterozoic basement rocks before
debouching into the Basin and Range (Fig. 1).
We divided this river pathway into 49 distinct geologic reaches, adjusting
reaches previously defined by Pederson and Tressler (2012). Our reaches were
delineated based on lithologic changes identified by sample locations and geologic
maps, thus they do not correspond with Pederson and Tressler (2012) for lengths,
locations or channel metrics. 32 of the 49 reaches are bedrock reaches where the river is
at least somewhat confined to canyons (Fig. 3). The 17 other reaches are alluvial, where
the channel occupies its own floodplain through open valleys. These reaches coincide
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with bedrock units that contain greater than 50% shale or mudstone. We focus on
bedrock reaches for much of our analysis below because our goal is to explore how
bedrock may influence the form of the river and its canyons. Yet, we presume that
alluvial reaches also have overall valley-bottom widths (distinct from channel widths)
that reflect bedrock resistance, inasmuch as the shifting channel has laterally carved
that valley into bedrock over the long-timescale fluvial history of the eroding Colorado
Plateau.
Selby RMS classification, including fracture spacing and Schmidt hammer
measurements, was completed for 52 named geologic formations at 168 outcrop
localities (Table 1, Appendix D Supplementary Material Table 1B and 1C). Forty-one
formations were sampled for laboratory tensile-strength testing from 64 of these
outcrops (Table 1, Appendix D Supplementary Material Table 1A). Sampling locations
were selected for accessibility by road or river and as representative of the formations
along the main tributary corridor. Of the 49 reaches in this study, over half include data
for more than one bedrock unit, and reach-average values were used for some
comparisons. Bedrock reach 41 (Furnace Flats) has a tensile rock strength measurement
from only one (the Dox Fm.) of the five units it includes, but the river encounters those
other four units for a small fraction of the length of the reach. Only reaches 18 (Mancos
shale in Gunnison Valley) and 29 (Paradox Formation evaporites in upper Cataract
Canyon) have no rock-strength data of any kind (Table 1). Likewise, alluvial reaches 8,
10, 11, 19 and 22 are missing strength data for mudrock lithologies, and importantly,
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the data that do exist are from the resistant beds within those shaley units and are
consequently unrepresentative.
Each compressive strength value was quantified using a Schmidt hammer in the
field, with 50 measurements taken for each locality. The raw rebound values are utilized
in the overall Selby RMS classification, but Schmidt hammer measurements were also
converted into a compressive strength value in MPa using the formula empirically
derived for the instrument:
C=2.12*R1.06. (4)
Samples for tensile-strength were prepared and measured at Utah State
University following procedures for the Brazilian splitting test. Samples were cored
using a two-inch internal diameter drill core and cut into 1-inch thick discs. Each disc’s
dimensions were measured precisely in order to ensure the most accurate calculation of
the unit’s tensile strength. An average of 10 discs for each rock formation were broken
using a traditional load-testing instrument that indicated at what yield strength the disc
fractured. This value was used with the disc dimensions to calculate tensile strength in
MPa for that sample using equation 1 above (Appendix D Supplementary Material Table
1A).

Figure 3. A) Longitudinal profile of the Green-Colorado River through the Colorado Plateau with bedrock exposed at
river level and in canyon walls depicted above grade. The 49 study reaches are demarked by the histograms of B, C, and
D; major canyon knickzones, separating alluvial valleys, and major physiographic features are labeled, after Pederson
and Tressler (2012). Histograms are of reach-average B) unit stream power; C) tensile (above) and compressive
strength (below) in MPa, tensile strength outlier in lower Uinta basin is Green River sandstone representing less than
25% of mostly shale formation; and D) fracture spacing in meters as ranked in Selby rock-mass strength
determinations.
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As in Pederson and Tressler (2012), a geographic information system was used
to establish the fluvial and topographic metrics. The Colorado and Green River
pathways were digitized from 1:24,000-scale topographic maps and converted into
points spaced every 0.5 km from Green River, Wyoming through Grand Canyon. At
these 0.5 km nodes, gradient, channel width, valley width, and discharge were
computed (Appendix D Supplementary Material Table 2). Where digital topography is
obscured by reservoirs, terrain was digitized from the contour lines of older maps that
display pre-dam topography; these were rasterized and merged into DEMs used in this
study (Pederson and Tressler 2012). To avoid the errors and artifacts of DEM-derived
channel profiles, elevations along the drainage were meticulously digitized from predam USGS survey data (Birdseye and Burchard 1924; Trimble 1924) and used to
calculate gradient. Channel width was measured directly from topographic maps at each
node.
For valley-bottom widths, the Barr HydroMapper Tool v 1.0 was used to “flood”
the river to an elevation of 10 m and 50 m above present river level. Valley width at
each of these heights was measured directly from the flood polygons produced by the
HydroMapper Tool. A plot of the reach-averaged channel widths versus the 50-m-height
valley widths highlights the contrast between bedrock and alluvial reaches (Fig. 4).
Although they have a similar range in channel widths, bedrock reaches are generally less
than 1000 m in valley width, while alluvial reaches range beyond 4000 m. There is a
positive correlation between channel and valley width in bedrock reaches, but no such
scaling exists in alluvial reaches. In alluvial valleys where the channel is not in frequent
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contact with bedrock, channel width is a function of alluvial hydraulic geometry instead.
Thus, in our exploration of possible bedrock controls on geometry, we focus on how the
highly varying valley width of the reaches may relate to varying bedrock resistance, as
lateral planation of the river has carved valley bottoms over geologic time.

Mean Valley Width (m)

5000

4000

3000

2000
y = 5.6x
R² = 0.37

1000
reach 35
reach 33

0
0

50

100

150

200
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Figure 4. Reach-average channel width as a function of valley width (measured at 50 m
height above channel). Black dots are bedrock reaches and gray diamonds are alluvial
reaches. Channel width in alluvial reaches does not scale with valley width, whereas
there is a positive correlation in bedrock reaches. Bedrock outliers with anonymously
high channel width (not included in regression) are reaches 33 and 35 in Glen Canyon,
mostly through the massive, weak Navajo Sandstone.

To estimate an appropriate discharge for calculating stream power, we revised
the approach of Pederson and Tressler (2012), collecting stream gauge data from all
gauging stations on both the Green and the Colorado Rivers. The 2.5-year flood
recurrence interval was calculated based upon pre-dam historic records to determine an
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effective discharge. Effective discharge values were plotted against contributing area
from a flow accumulation raster and a least-squares regression was used to model
effective discharge at any point along the length of the drainage. The calculated
discharge values were used with the measured channel width and gradient to calculate
unit stream power, a river’s rate of energy expenditure per unit area of bed (Table 1).
Our unit stream power values differ from those of Pederson and Tressler (2012), who
calculated it using valley (not channel) width and a simpler model for estimating
discharge. The four Colorado Plateau knickzones correspond with steeper and higher
stream power reaches (Figs. 1 and 3).

Results
A first-order analysis of rock strength is that older, more deeply buried and
indurated rocks are generally stronger than younger rocks, with the exceptions of
limestone and Quaternary basalt (Fig. 5; Appendix D Supplementary Material Table
1A). This gives us confidence in the dataset, and we expect welded, igneous basalt flows
and massive limestones in this desert landscape to be highly resistant to weathering
and erosion. Individual tensile strength measurements range from <1 to 15.2 MPa, the
lowest corresponding with Mesozoic eolian sandstones of the Wingate, Navajo and
Entrada formations and the highest with those Paleozoic limestones and Quaternary
basalt as well as Proterozoic basement and certain highly cemented sandstone beds
(Supplementary Material Table 1A). Schmidt hammer compressive strength values
range from 30 to 191 MPa, with the highest values originating from Proterozoic
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basement rocks and the lowest from friable outcrops of the Permian Hermit and
Cambrian Bright Angel shales (Appendix D Supplementary Material Table 1B). Selby
RMS scores range from 35 to 90 (out of a possible 100); the highest values likewise
correspond with Paleozoic limestones and Proterozoic basement rocks, as well as some
highly cemented sandstone beds within otherwise shaley units. Some of the massive
Mesozoic sandstones have relatively high Selby RMS values because this ranking
incorporates fracture spacing, whereas the lowest Selby RMS ratings are for the very
highly fractured/bedded Cambrian mudstones and shales (Appendix D Supplementary
Material Table 1C).

Figure 5. Box-and-whisker plot of the means and standard deviations of tensile rock
strength data illustrating trends as geologic age and degree of burial decrease from left
to right. Limestone and basalt are exceptions to the trend of younger, less indurated
rocks being weaker.

91
A first-order research question is whether high values of bedrock strength
correspond to steep, narrow, high-energy reaches along this river system. If so, then
simple correlations between these metrics and incision or uplift rate are unlikely to
exist with variable bedrock strength as a primary control. If consistent relations to rock
strength do not exist, then differential uplift, transient incision, or alluvial bed-cover
effects may be complicating things in certain reaches. Pederson and Tressler (2012)
showed that high unit stream power and steepness indexes distinguish four knickzones
(Figs. 1 and 3), and are especially high in Cataract and Grand Canyons downstream
where the river encounters Paleozoic carbonates and Proterozoic crystalline basement.
The upstream knickzones have more moderate gradient, occurring where the Green
River traverses the Uinta Mountains and in Desolation Canyon, where a hypothesized
relation to rock strength is less clear (Pederson and Tressler 2012). Cataract Canyon is
floored by the weak, Paradox Formation salt that creates the regional-scale, lateralspread mass movement of the Needles fault zone (Huntoon 1988). This salt bedrock is
rising diapirically and causing the advection of rock into the canyon, likely
compounding the anomalously steep reach. Because we cannot sample and capture the
mechanical strength of dissolving salt, this steepest reach is excluded from our data
analysis below. The two reaches upstream of Cataract Canyon are likewise unusual
because the river here is interpreted as impounded above the cataracts (Webb et al.
2004), resulting in anomalously low gradient and a disconnect between resistant
bedrock canyon walls and fluvial form. These reaches are represented in Figure 3 by
lighter shading and are excluded in the following analysis of bedrock reaches.
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The primary trend in our data is that rocks with higher measured tensile
strength correspond spatially and statistically to steeper and narrower reaches with
higher unit stream power (Figs. 3 and 6, Table 2). For example, though Cataract Canyon
is underlain by salt, it has a high overall average unit stream power of 382 watts/m2 and
has walls of strong Paleozoic rock with a mean tensile strength of 11.44 MPa. The river
in Grand Canyon, with an overall average unit stream power of 674 watts/m2, runs
mostly through hard Proterozoic and Paleozoic rocks with a mean tensile strength of
7.9 MPa and a peak tensile strength of 11.15 MPa. Desolation Canyon is the only
knickzone that occurs in Mesozoic and Cenozoic rocks, and it too is defined by valley
narrowing and increased stream power. No knickzones are present in the least resistant
Cenozoic and Mesozoic rocks of the Colorado Plateau.
At a finer, reach-by-reach scale, correspondence between rock strength and
fluvial metrics becomes rich with exceptions, partly due to sampling challenges. For
example, reach 13 in the Uinta Basin has unexpectedly high tensile strength given its
low stream power. This is an artifact of sampling bias, where only the more resistant
sandstone beds of the shaley Green River Formation are competent enough to be
tested. Similarly, hard sandstone interbeds of the Chinle Formation overestimate the
resistance of mudstone-dominated reach 24. Reach 38 in Marble Canyon has
incongruously high rock strength given its moderate stream power and the lowest
gradient in the Grand Canyon knickzone. Directly downstream in reach 39 this
unexpected relation continues with the valley-bottom more than doubling in width
through the Bright Angel Formation, where the stream power remains approximately
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the same due to the increased gradient. We see this lower-than-expected stream power
associated with resistant rocks again in the Lava-Whitmore and Granite Park reaches of
western Grand Canyon (reaches 46 and 47). Here the very resistant flows of Uinkaret
basalt occur but the valley is notably wider than up and downstream (Table 1). A final
notable exception is the massively bedded sandstones of the Glen Canyon Group, which
have low tensile strength and correspond to reaches of low stream power, but these
reaches stand out with their anomalously low fracture density (Fig. 3). We expect
greater fracture density to occur in wider reaches, however we see a trend of more
closely spaced fractures corresponding to the narrower valleys of the Grand Canyon and
Uinta knickzones (Fig. 3). In summary, reach exceptions serve to illustrate the unique
weathering and erosion characteristics of certain rock types, the challenges of
representatively sampling formations of variably lithology, and the difficulties in
measuring representative rock mass strengths from laboratory-scale sample testing.
Statistically, focusing on bedrock reaches, Table 2 indicates the strongest
Spearman Rank correlations are between valley width and unit stream power, tensile
strength and unit stream power, and tensile strength and channel width (Table 2).
Tensile strength has a stronger correlation than compressive strength to both channel
and valley width and also unit stream power, supporting the focus on tensile rock
strength as a more relevant measure of erodibility, considering the dominant processes
of bedrock stream erosion should be plucking and abrasion in tension. Tensile rock
strength has a strong power-law correlation to unit stream power (Fig. 6A) and a linear
relation to gradient (Fig. 6B), almost crossing the Y-axis at the origin. These

Name

lower Uinta Basin
Desolation Canyon

upper Gray Canyon

13
14.1
14.2
15

San Rafael confluence
upper Labyrinth
Bowknot Bend
lower Labyrinth
upper Stillwater Canyon
lower Stillwater Canyon
the Confluence
upper Cataract Canyon
lower Cataract Canyon
Narrow Canyon
Hall's Crossing
upper Glen Canyon
Rincon
lower Glen Canyon

22
23
24
25
26
27
28
29
30
31
32
33
34
35

middle Marble Canyon
lower Marble Canyon
Little Colorado confl.

Furnace Flats

upper Granite Gorge
the Aisles
middle Granite Gorge
Muav Gorge
Lava-Whitmore
Granite Park

lower Granite Gorge

38
39
40

41

42
43
44
45
46
47

48

37

30

67.9
28.4

17.6
15.2

62.3

19

19.3
11.4

37.7

29.5

10.3

142.1

22.3

65.9

38.6

12.6
16.8
30.4
25.7
19.5

25.8
39.6
35.9

28.7

9.4

215

196

136
179

116
127

77

65

47
58

23

5

-1

-89

-103

-144

-166

-232
-224
-213
-195
-179

-296
-280
-255

-313

-318

-332
-326

-352
-336

25.4
6

11.1
12.4

-372
-362

-380
-375

-448
-418

-512

-527

17.3
14.7

8.5
5.3

46.4
61.5

106.7

23.8

-551

Mancos shl
Morrison sst & shl
Summerville sst
Salt Wash sst
Brushy Basin sst
Mancos shl
Salt Wash sst
Brushy Basin sst
Summerville sst
Entrada sst
Entrada earthy member
Navajo sst
Wingate sst
Chinle sst/shl
Moenkopi sst
Cutler sst
Cedar Mesa sst
Elephant Canyon sst & lst
Honaker Trail lst
Paradox Fm evaporites
Honaker Trail lst
Cedar Mesa sst
Organ Rock sltst
Moenkopi sst
Shinarump sst & cgl
Navajo sst
Page sst
Shinarump sst & cgl
Moenkopi sst
Kayenta sst
Navajo sst
Wingate sst
Shinarump sst & cgl
Moenkopi sst
Kaibab lst
Coconino sst
Toroweap sst
Esplanade sst
upper Supai Grp sst
Hermit shl
Redwall lst
Muav lst
Bright Angel sst & shl
Tapeats sst
Cardenas basalt
lower Dox sst
Cardenas basalt
Dox sste
Shinumo qtzt
Bass Fm lst
Hakatai sst in shl
amphibolite & Vishnu schist
Zoroaster granite
Tapeats sst
Vishnu schist
granitic basement
Muav lst
Uinkaret basalt
Bright Angel sst
Uinkaret basalt
Bright Angel Fm sst
Tapeats sst
granitic basement
Vishnu schist
metamorphics/Vishnu schist
granitic basement

Uinta Mountain Group sst
Madison lst
Morgan lst
Weber sst
Br Pk tuffaceous basin fill
Uinta Mountain Group sst
Weber sst
Uinta Mountain Group sst
Lodore Fm sst
Madison lst
Upper and Lower Morgan lst
Morrison (Stump) Fm sst
Glen Canyon sst
Madison lst
Upper and Lower Morgan lst
Morrison Fm sst
Weber sst
Mancos shl
Frontier sst
Duch. River Fm sst & shl
Uinta Fm sst & shl
Green River Fm lst & shl
upper Colton sst
middle Colton sst
lower Colton sst
North Horn lst
Flagstaff lst
Price River Fm sst & shl
Blackhawk & Castlegate sst

Green River Fm shl & sltst

Bedrock/Formation sampled

117
148
145
148
145
117
100
106
138
112
111
94
134
126
141
141
134
131
111
114
106
93
114
111
96
106
138
114
111
152
142
150
149
139
77
151
113
94
141
126
142
126
154
165
166
123
156
162
141
156
162
113
152
94
152
94
141
162
156
156
162

134
150
124
145
127
140
148
111

148
159
140
114
151

163
148
159
140
69
163
140
163
134
148
159
-

Compress.
strength
(MPa)
90

8.58
5.00
4.42
2.92
4.42
2.92
5.00
0.15
2.98
1.16
1.28
6.76
5.64
3.72
2.57
7.44
11.44
9.52
2.57
4.11
5.64
1.48
1.16
1.48
5.64
3.55
1.16
1.28
1.48
5.64
4.38
3.44
4.37
3.70
4.89
7.89
6.85
6.87
5.91
8.33
8.52
7.07
6.87
8.52
7.07
7.89
11.15
6.85
11.15
6.85
6.87
7.07
8.52
8.52
7.07

9.62
9.35
0.75
3.54
4.70
5.17
3.86

9.37
11.78
8.58
2.11
1.42
0.79

3.96
9.37
11.78
2.11
0.80
8.43
2.11
8.43
9.37
11.78
8.58

Tensile
strength
(MPa)
1.09

n/a

n/a

n/a
n/a

n/a
n/a

n/a

n/a

n/a
n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a
n/a
n/a
n/a
n/a

3.72
n/a
n/a

n/a

0.03

0.05
0.15

0.02
0.49

5.72
n/a

1.42
n/a

0.95
n/a

0.01

0.02

0.33

n/a

0.18

n/a

0.08
n/a
n/a
n/a

n/a

strengthb
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0%
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40%

25%
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35%
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25%
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50+%

95%
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35%
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45%

75%
35%

60%

90%

50%

25%
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80%
5%
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75%
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bedrock

bedrock

bedrock
bedrock

bedrock
bedrock

bedrock

bedrock

bedrock
bedrock

bedrock

bedrock

bedrock

bedrock

bedrock

bedrock

bedrock

58

94

54
87

54
53

54

99

94
87

66

58

99

147

98

190

148

117
106
79
59
87

121
116
111

alluvial
alluvial
bedrock
bedrock
bedrock
bedrock
bedrock
bedrock

111

148

125
138

153
120

78
82

86
85

122
94

118

157

81

53

139

46

96
51
69
49

76

116

Channel
width (m)

bedrock

alluvial

alluvial
alluvial

alluvial
alluvial

alluvial
bedrock

alluvial
bedrock

alluvial
bedrock

alluvial

alluvial

alluvial

bedrock

alluvial

bedrock

alluvial
bedrock
bedrock
bedrock
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starting river mile of reach, relative to Lee's Ferry, keyed to nearest mile in Belnap's River Guides for common reference
Effective tensile strength is calculated for alluvial reaches from the regression through the tensile strength-valley width relation for bedrock reaches (Fig. 7).
c
estimated percentage of stratigraphic thickness observed to be shale, mudrock or other incompetent units
d
measured width of the valley 50 m above local channel edge
e
Although other units outcrop, the Dox sandstone underlies the vast majority of this reach length.
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upper Marble Canyon

37

Marble and Grand Canyons
36
Lee's Ferry

Little Grand-Salt Wash
Horse Bench

20
21

16
middle Gray Canyon
17
lower Gray Canyon
Central Plateau
18
Gunnison Valley
19
Crystal Geyser

mid Uinta Basin

12

15

upper Uinta Basin

-537

11

9
Split Mountain Canyon
Uinta Basin
10
Jensen
11

-544

11.4

Island Park

-555

8

5.8

lower Dinosaur

-613
-579
-563
-559

7

55.4
24.8
6
7.7

-656

68.5

Browns Park
Lodore Canyon
Echo Park
upper Dinosaur

-728

mile

a

River

116.8

Length
(km)

3
4
5
6

1
Green River Basin
Eastern Uinta Mtns
2
Red Canyon

Reach

Table 1: Reach-scale rock-strength and hydromorphic data
d
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174
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414

566

939
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499
617
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726
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626

3223

2822
1745

4039
1076

393
368

696
686

822
420

4511

3830

1270
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1631

441

2226
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514
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562

1847

width (m)

Valley

0.0019

0.0013

0.0012
0.0012

0.0017
0.0018

0.0020

0.0025

0.0014
0.0017

0.0010

0.0017

0.0008

0.0003

0.0002
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0.0003

0.0010
0.0003
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0.0012
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0.0002
0.0001
0.0003

0.0002

0.0002

0.0009
0.0006

0.0009
0.0006

0.0013
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0.0020
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0.0003
0.0013

0.0003

0.0003

0.0008

0.0030

0.0020

0.0016

0.0007
0.0031
0.0012
0.0028

0.0018

0.0006

Gradient
(m/m)

881

349

570
348

832
750

968

649

368
530

362

730

183

61

52

56

47

74
73
792
418
265

16
8
23

18

13

59
36

60
47

145
121

194
170

18
133

22

14

69

396

115

272

40
349
140
469

133

(watts/m2)
28

Unit stream
power
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correlations strongly suggest that bedrock resistance is the primary control on fluvial
and canyon form along this trunk drainage.
Table 2: Spearman rank correlation between bedrock-resisting and hydraulic-driving
forces
Valley width

Unit stream power Tensile strength

Channel width

0.48

-0.68*

-0.71

Compressive
strength

-0.17

0.52

0.61

Tensile strength

-0.50

0.69

Unit stream power

-0.69

Compressive
strength
-0.65

*unit stream power and channel width are self-correlating values

Hypothetically, erodibility and fluvial metrics should show a fundamental
relation to fracturing. However our results show a weak, non-intuitive trend of wider
fracture spacing (supposedly harder to erode) corresponding with greater, not narrower,
valley width (Fig. 7). Fracture spacing and unit stream power have a rough inverse
correspondence, especially evident through Glen and Grand canyons (Fig. 3D). Fracture
spacing was measured and recorded in the field using the Selby RMS classification of
bins: >3 m, 3-1 m, 1-0.3 m, 0.3-0.05 m, and <0.05 m. Our reach-average values of
fracture spacing fell into only 3 traditional Selby RMS bins: 0.05-0.3 m (mean = 0.175,
n=2), 0.3-1.0 m (mean = 0.65, n=28) and 1.0-3.0 m (mean = 2.0, n=2). Within the 0.3-1.0
m bin, our data fell into 3 distinct pools: spacing values at the minimum end, values
central to the bin, and values at the high end. Consequently, in order to plot fracture
spacing in Figure 7, we split the traditional 0.3-1.0 m Selby category into those 3 subbins with mean spacings of 0.3 m, 0.65 m, and 1.0 m. This is not the ideal way to record
fracture density, but it is consistent with many hillslope geomorphology studies.
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Regardless of expectations, this trend is real with more fractured units forming
narrower canyon walls and massive eolian units, known to be weak and readily eroded,
having wide fracture spacing. All the sample localities were selected specifically to avoid
being near fault zones that could impact the characterization with additional local
fractures, consequently this trend in fracture patterns is representative of rock type and
not regional structures, suggesting that the influence of fractures is counteracted by the
role of lithology in making these rocks more resistant to erosion.
Tensile strength and valley width data exhibit a reasonably good correlation,
showing the trend of resistant rock units hosting narrow valleys and weaker formations
containing wider valleys (Fig. 8), as is expected for the premise that bedrock strength is
a first order topographic control in this landscape. Reaches 38, 42, 44, and 45 form a
distinct group of outliers (Fig. 8) that have the narrowest valley-bottoms in the study
area with tensile strengths that are similar to several other, wider reaches. These all are
reaches in Grand Canyon with nearly vertical walls of Redwall Limestone, Muav
Limestone, Zoroaster Granite and Vischnu Schist. The indurated carbonates of middle
Marble Canyon and Muav Gorge (reaches 38 and 42) may be primarily eroded through
dissolution, which in this desert landscape means these formations are even more
difficult to erode than their tensile strength values suggest. Likewise, the moderately
high measured tensile strength of crystalline basement rocks (reaches 42 and 44) fail to
capture how narrow the canyon is formed within it. Perhaps the strength of these rocks
in outcrop cannot be accurately quantified with laboratory testing methods.
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Figure 6. A. Unit stream power as a function of reach-averaged tensile strength. B. Mean
gradient as a function of reach-averaged tensile strength.
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Figure 7. Box-and-whisker plot of medians and quartiles relating outcrop-scale fracture
spacing to mean valley width of reaches. Fracture spacing was recorded using a modified
set of Selby RMS ranking values, which span uneven bins of measured spacing. Data are
plotted here at the means of those bins. The “n” values are the number of bedrock reaches
(31 total), whereas a total of 52 rock formations are represented here, sampled from 168
outcrops.
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Figure 8. Reach-average valley width as a function of bedrock tensile strength, and
extended to determine “effective” tensile strength values for shaley reaches too weak to
sample and measure, as illustrated with the examples of the Mancos shale, Morrison
and Green River formations. Outliers with narrow valley widths (reaches 38, 42, and
45) are all in Grand Canyon through limestone and Proterozoic crystalline basement.
Bedrock reaches are black circles, alluvial reaches are grey diamonds, projected
“effective” tensile strength for alluvial reaches are open diamonds.

Although the rank correlation of tensile strength to valley width is moderate
(Table 2, Fig. 8), the correlation of valley width to unit stream power is strong, and
through this process logic we recognize an opportunity to utilize valley width to
estimate an “effective” tensile strength (MPa) of rocks that cannot be sampled
representatively or be directly measured (Table 1; Fig. 8). This “effective” tensile
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strength is an effort to provide a more representative value of rock strength, and
thereby erodibility (k), for reaches that are alluvial, comprise units with >50% shale or
other immeasurable rock types. These reaches and formations, such as the Green River
and Chinle formations mentioned above, are currently represented by the anomalously
high strength values of only the fraction of outcrop that was resistant enough to
withstand sampling and strength testing. The tensile strength values we have measured
for bedrock reaches span a full order of magnitude from the most resistant at LavaWhitmore (reach 46) to the least resistant through Navajo sandstone in the Central
Plateau (Table 1). Our “effective” tensile values increase this range from just one order
of magnitude (measured) to three orders of magnitude (effective) for the rock units
present in the Colorado Plateau. This range is consistent with the range of tensile
strength values presented by Sklar and Dietrich (2001, 2004), which includes artificial
sandstones made to represent weaker rocks.

Implications and Conclusions
We document trends of older rocks being more resistant than younger rocks, as
well as correlations between tensile strength and gradient, channel width and unit
stream power for bedrock reaches, thus rock strength should not be ignored in
landscape evolution. Our dataset and the determination of “effective” tensile strength
values are potential inputs in combination with other factors in k (as derived in Sklar
and Dietrich 2004) to parameterize landscape evolution models. Sklar and Dietrich
(2001, 2004) indicates that erodibility (k) should scale to the inverse square of tensile
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rock strength, which implies a k that may range to nearly six orders of magnitude for
our range of calculated and effective tensile strengths. The modeling studies of DeLong
et al. (2007) and Pelletier (2010) put a range of values of k over less than three orders of
magnitude for particular study areas that do not span a suite of lithologies comparable
to this study. Stock and Montgomery (1999), who worked with a broader set of granitic,
metamorphic, volcaniclastic and mudstone rocks in Australia and Hawaii, found values
of k ranging from 10-2 m0.2/yr to 10-7 m0.2/yr, more comparable to what we suggest.
Bedrock properties are recognized as a primary control of channel form and
incision rates. The modeling of Yanites and Tucker (2010) suggests that channel width
is a key adjustment that depends upon sediment load. As sediment and bed cover is
increased, channel width increases significantly and gradient steepens slightly. This
sediment cover-channel width relation raises the question; to what degree can the
variations in the sediment-rich Colorado River’s long profile be attributed to sedimentcover effects rather than bedrock resistance? In this study, especially in Glen and Grand
Canyons, steeper reaches are narrower, which is opposite of the trend suggested by
Yanites and Tucker (2010) for the bed-cover effect. Inasmuch as our dataset couples
steepness with narrowness, a trademark of streams in communication with bedrock
resistance, there is evidence that the Colorado River’s large-scale long profile, especially
in canyon knickzones, is set more by bedrock than sediment-cover effects.
A related issue at a smaller spatial scale was raised by Hanks and Webb (2006),
who suggested that the river profile (specifically through Grand Canyon) is controlled
by thick accumulations of Holocene debris flows and fans forming two multi-reach
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convexities along the channel profile. Individual rapids occur where the channel is
constricted with debris by local tributaries, and replenished by debris flows on a decade
to century timescale (Hanks and Webb 2006). In this study we find, however, that most
reach-scale differences in gradient, channel width and stream power in Grand Canyon
correspond to changes in lithological resistance, including the low gradient upper
reaches versus the steeper downstream reaches of each of Hanks and Webb’s
convexities. A resolution may lie in an indirect effect, whereby tributary canyons supply
bedload of a caliber and hardness that reflects the local bedrock it is eroding.
As context for implications regarding regional landscape evolution, the
integration of the Colorado River across the southwestern edge of the Colorado Plateau
~6 million years ago (Longwell 1946; Lucchitta 1972) started a pulse of incision
upstream from the plateau edge (e.g. Pederson et al. 2002; Pederson 2008; Karlstrom et
al. 2014). Upstream erosion has been far from uniform, as the highly uneven long
profile of the Colorado River across the region exemplifies (Fig. 3). Our data and
Pederson and Tressler (2012) indicate that bedrock resistance may be a primary
controlling factor on the Green-Colorado long profile and on the river’s width and thus
unit stream power (Figs. 3 and 8). We confirm this, and reiterate that much of this
river’s highly variable long profile is therefore an expression of dynamic equilibrium:
where gradient and width are adjusted to match substrate resistance.
Alternative controls in addition to bedrock resistance that have been
hypothesized to explain the variable knickzones of the Colorado River include transient
baselevel signals and differential uplift (e.g. Cook et al. 2009; Karlstrom et al. 2012;
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Pederson and Tressler 2012; Crow et al. 2014). If knickzones represent transient
features, that implies a real degree of disequilibrium, where bedrock resistance would
not match river metrics. Cook et al. (2009) suggest that the difference in incision rates
along the trunk drainage upstream and downstream of Lees Ferry (Fig. 3) supports such
a transient, non-equilibrium state, whereas transient knickpoints may be found along
smaller tributaries. Our data suggests that, although transient features should be
expected in the greater drainage, an equilibrium with bedrock resistance plays a
dominant role in the trunk-river profile, and that the Desolation knickzone has the
poorest correspondence to rock strength (Pederson and Tressler 2012). Furthermore,
Pederson et al. (2013) suggest that isostatic rebound helps account for the higher
incision rates in the central Colorado Plateau. The differential uplift hypothesis focuses
on the Grand Canyon knickzone and an explanation linked to flow in the upper mantle
(Karlstrom et al. 2012; Crow et al. 2014). Karlstrom et al. (2012) suggest this may have
driven 0.5-1.5 km of differential surface uplift of the southwestern edge of the Colorado
Plateau since 10 Ma. Subtle patterns of long-term averaged incision rates are cited as
evidence of differential uplift creating a steeper Grand Canyon (Karlstrom et al. 2012;
Crow et al. 2014). However, our strong correlations between rock strength and
steepness are able to more simply explain the gradient of the river and render the
differential uplift hypothesis from mantle sources unnecessary.
In summary, our results indicate that bedrock strength is the first-order control
on large-scale fluvial topography in this complex landscape with a complicated history.
Secondary controls on the irregularity of the long profile likely include transient
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incision upstream and localized sediment loading-cover at smaller time and space
scales. In this iconic desert landscape of steep canyons and broad plateaus, one cannot
overlook the sound observations of John Wesley Powell regarding the controls of
bedrock.
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CHAPTER 6
CONCLUSIONS

For the geoscience education mobile technology study within this dissertation,
three virtual field trip modules were developed for iOS and Android on the
introductory-level geoscience subjects of: geologic time, geologic structures, and
hydrologic processes. These modules were tested for their impact on student interest in
the geosciences and student learning of geoscience content at five institutions that
included community colleges, research universities and a private liberal arts school.
Field trips have been well established as a successful method for engaging
students, but they are increasingly becoming prohibitive in cost and logistics. As
geoscience educators look for solutions to the declining enrollment at institutions of
higher education, mobile games have the potential to be engaging and instructional
when combined into virtual fieldtrips. Using their own smartphone or tablet allows
students to concentrate on the content of the game instead of using cognitive effort to
deal with how to play it, thus educators can take advantage of learning with technology
rather than from technology by integrating mobile devices into their teaching. The
virtual Grand Canyon virtual field trips presented in this study have the potential to be
“student engagement tools” in introductory geoscience classes; the results show that
students completing all three modules were significantly more interested in learning
the geosciences than those who completed only one or did not complete any.
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The virtual Grand Canyon field trips are flexible enough to be used during a
lecture period, a lab period, as homework, or as supplementary activities for online
learning. They are also budget friendly- many schools have tablets available to lend from
the library or information technology services for students who don’t have their own
devices.
The results of this study regarding gains in student learning show that these
first-generation virtual field trip modules do not detract from student learning, they
can even contribute to gains in content comprehension, however the modules cannot
make up for curriculum gaps across institutions or replace curriculum in the classroom.
In the case of the geologic time virtual field trip, the statistics suggest that completing
this module did contribute to an increased post-test score. The lack of and correlation
between on post-test scores and ethnicity and gender suggests that these virtual field
trip modules are accessible across a broad swath of student demographics. It can be
predicted that increased interest combined with broad appeal across demographics
should lead to increased student performance down the road.
With respect to the geomorphological study within this dissertation, it can be
reaffirmed that rock strength is an important fundamental control on landscape
evolution. This study documents trends of older rocks being more resistant than
younger rocks, as well as correlations between tensile strength and gradient, channel
width and unit stream power for bedrock reaches. These results help landscape
modelers understand the processes responsible for the irregular river profile of the
Colorado-Green River system and the uneven distribution of erosion. The data suggests
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that, although transient features should be expected in the greater drainage, an
equilibrium with bedrock resistance is the first-order control on large-scale fluvial
topography in this complex landscape with a complicated geologic history.
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Grand Canyon Expedition: Geologic Time

“Grand Canyon Expedition” is a set of three educational virtual field trips set in a scaleddown Grand Canyon, Arizona, for teaching introductory undergraduate geoscience
concepts. This game is based on relative GPS locations, designed to take advantage of
the GPS capabilities of mobile devices. Relative GPS takes your current location and sets
it as the origin for the rest of the game. All of the objects, locations, and distances that
the player interacts with can then be generated based off of the initial starting point.
The location of the player does not matter; the player could be in the United States,
Japan, Africa, and Europe or anywhere in the world. You will need a football field,
campus quad, or substantially sized park to play this game.

This module will take you virtually rafting down the Colorado River, along the way
stopping at amazing places that help us decipher Earth’s vast history.

This project was funded by the National Science Foundation through Utah State
University. Design team: Sovrn Creative, Natalie Bursztyn, Brett Shelton, Joel
Pederson.
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Grand Canyon Expedition: Geologic Structures

“Grand Canyon Expedition” is a set of three educational virtual field trips set in a scaleddown Grand Canyon, Arizona, for teaching introductory undergraduate geoscience
concepts. This game is based on relative GPS locations, designed to take advantage of
the GPS capabilities of mobile devices. Relative GPS takes your current location and sets
it as the origin for the rest of the game. All of the objects, locations, and distances that
the player interacts with can then be generated based off of the initial starting point.
The location of the player does not matter; the player could be in the United States,
Japan, Africa, and Europe or anywhere in the world. You will need a football field,
campus quad, or substantially sized park to play this game.

This module will take you rafting the Colorado River and hiking side canyons, along the
way deciphering world-class examples of tectonic deformation.

This project was funded by the National Science Foundation through Utah State
University. Design team: Sovrn Creative, Natalie Bursztyn, Brett Shelton, Joel
Pederson.
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Grand Canyon Expedition: Hydrologic Processes

“Grand Canyon Expedition” is a set of three educational virtual field trips set in a scaleddown Grand Canyon, Arizona, for teaching introductory undergraduate geoscience
concepts. This project was funded by the National Science Foundation through Utah
and Boise State Universities. This game is based on relative GPS locations, designed to
take advantage of the GPS capabilities of mobile devices. Relative GPS takes your
current location and sets it as the origin for the rest of the game. All of the objects,
locations, and distances that the player interacts with can then be generated based off
of the initial starting point. The location of the player does not matter; the player could
be in the United States, Japan, Africa, and Europe or anywhere in the world. You will
need a football field, campus quad, or substantially sized park to play this game.

This module will take you virtually rafting down the Colorado River through Grand
Canyon, along the taking measurements and surveys with a water monitoring crew
from the USGS.
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Formation
Age
Uinkaret basalt Quat.
Brown’s Park

Green River

limestone

shale

Price River
Castlegate
Blackhawk
Mesa Verde

metamorphic

Mancos

granite

Frontier

Chinle
Moenkopi

Permian

Esplanade, Weber
Honaker Trail,
Morgan,
Supai Group

Penn.

Madison, Redwall Miss.

Muav
Bright Angel
Tapeats

Crystalline basement

Proterozoic

Grand Canyon
Supergroup,
Uinta Mountain Group

Camb.

Rock units and general lithologies
encountered along the transect of
the Green-Colorado Rivers, set in
the format of a stratigraphic column.
This provides a complete listing of
units sampled in the study to
accompany Supplementary Material
Tables 1A-C, but is not a full list of
all bedrock units found in the
Colorado Plateau.

Kaibab, Cedar Mesa,
Coconino, Cutler,
Elephant Canyon,
Organ Rock

Triassic

Wingate

Jurassic

Morrison
Entrada
Summerville
Navajo
Kayenta

Cretaceous

sandstone

North Horn

Paleo.

Colton
basalt

Eocene

Duschesne River

Mio.
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TABLE&2.&REACH,AVERAGE&HYDROMORPHIC&DATA
extrapolated*
stream*power*
length*
channel*
10*m*height*
50*m*height*
gradient*
reach
River
type
sd
sd
sd
sd
sd
sd
(km)
width*(m)
valley*width*(m)
valley*width*(m)
(m/m)
discharge*(m3/s)
(watts/m2)
1 116.8
Green
AL
116
76
1150
704
1847
1186 0.0006 0.0003
434
55.8
28
18
2 68.5
Green
BR
76
35
549
432
562
559 0.0018 0.0012
494
3.3
133
116
3 55.4
Green
AL
96
58
1138
724
2226
1215 0.0007 0.0006
561
58.1
40
35
4 24.8
Green
BR
51
25
314
51
420
79
0.0031 0.0018
637
0.5
349
247
5
6
Green
BR
69
61
393
118
514
123 0.0012 0.0007
638
0.0
140
110
6 7.7
Green
BR
49
23
291
43
429
84
0.0028 0.0018
638
0.1
469
419
7 5.8
Green
BR
46
24
297
59
441
75
0.0016 0.0007
638
0.0
272
185
8 11.4
Green
AL
139
84
1094
1002
1631
1078 0.0020 0.0019
645
2.7
115
104
9 11
Green
BR
53
20
327
56
492
127 0.0030 0.0011
650
0.4
396
222
10 15
Green
AL
81
35
479
132
1270
509 0.0008 0.0005
651
0.2
69
53
11 23.8
Green
AL
157
80
1885
866
3830
645 0.0003 0.0001
652
0.9
14
8
12 16.7
Green
AL
118
72
1224
781
4511
4165 0.0003 0.0003
737
53.1
22
34
13 46.4
Green
AL
122
61
488
134
822
294 0.0003 0.0003
780
1.0
18
25
14.1 61.5
Green
BR
94
41
255
60
420
85
0.0013 0.0009
785
4.5
133
114
14.2 14.2
Green
AL
86
32
285
57
696
334 0.0020 0.0004
807
0.2
194
63
15 5.3
Green
BR
85
81
279
88
686
62
0.0014 0.0002
809
0.1
170
64
16 17.3
Green
AL
78
30
156
55
393
146 0.0013 0.0004
811
1.7
145
68
17 14.7
Green
BR
82
28
176
49
368
131 0.0012 0.0002
814
0.3
121
43
18 25.4
Green
AL
153
123
1340
776
4039
2600 0.0009 0.0003
827
12.3
60
37
19
6
Green
AL
120
53
277
51
1076
511 0.0006 0.0001
840
0.1
47
15
20 11.1
Green
AL
125
57
661
448
2822
776 0.0009 0.0013
841
1.3
59
75
21 12.4
Green
AL
138
49
310
101
1745
1079 0.0006 0.0013
843
0.0
36
70
22 9.4
Green
AL
148
87
677
189
3223
576 0.0002 0.0002
843
0.1
13
16
23 28.7
Green
BR
111
34
277
58
626
537 0.0002 0.0001
844
1.0
18
9
24 25.8
Green
AL
121
33
272
68
469
83
0.0002 0.0004
847
0.5
16
32
25 39.6
Green
BR
116
36
383
108
726
255 0.0001 0.0003
848
0.6
8
24
26 35.9
Green
BR
111
46
480
197
1013
527 0.0003 0.0005
1585
540.7
23
46
27 12.6
Green
BR
117
27
404
72
527
94
0.0010 0.0009
1978
0.6
74
68
28 16.8
Green
BR
106
23
361
47
499
68
0.0003 0.0007
1980
0.3
73
177
29 30.4 Colorado AL
79
31
415
111
617
180 0.0029 0.0014
1995
19.1
792
464
30 25.7 Colorado BR
59
27
401
94
475
80
0.0012 0.0012
2029
1.6
418
365
31 19.5 Colorado BR
87
41
487
418
830
561 0.0010 0.0022
2032
0.1
265
714
32 38.6 Colorado BR
148
64
526
224
939
372 0.0003 0.0001
2036
2.8
47
23
33 65.9 Colorado BR
190
80
413
108
566
137 0.0005 0.0003
2070
62.2
56
32
34 22.3 Colorado BR
98
29
260
74
414
131 0.0002 0.0001
2231
0.3
52
25
35 142.1 Colorado BR
147
62
339
98
487
177 0.0003 0.0002
2244
8.9
61
49
36 10.3 Colorado BR
99
30
319
52
618
310 0.0008 0.0006
2258
0.2
183
169
37 29.5 Colorado BR
58
21
310
72
395
85
0.0017 0.0018
2259
0.3
730
829
38 37.7 Colorado BR
66
17
119
33
174
51
0.0010 0.0010
2335
55.6
362
452
39 19.3 Colorado BR
94
26
199
50
349
81
0.0014 0.0012
2376
0.2
368
331
40 11.4 Colorado BR
87
39
172
35
278
69
0.0017 0.0009
2377
0.0
530
464
41 19
Colorado BR
99
34
274
111
477
167 0.0025 0.0027
2377
0.1
649
751
42 62.3 Colorado BR
54
14
101
24
176
40
0.0020 0.0019
2379
2.3
968
1433
43 17.6 Colorado BR
54
15
137
41
240
65
0.0017 0.0014
2387
1.7
832
807
44 15.2 Colorado BR
53
17
127
28
214
72
0.0018 0.0018
2397
0.1
750
546
45 67.9 Colorado BR
54
20
129
33
196
53
0.0012 0.0014
2400
1.1
570
748
46 28.4 Colorado BR
87
22
164
37
276
49
0.0012 0.0008
2402
0.3
348
241
47 40
Colorado BR
88
36
174
58
307
91
0.0014 0.0012
2403
0.7
428
472
48 62
Colorado BR
84
40
137
51
227
65
0.0019 0.0017
2405
40.1
997
40
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Letter of Copyright Permission
June 26, 2015
Dear Natalie Bursztyn:

Thanks for publishing your paper titled "Utilizing Geo-referenced Mobile Game Technology for
Universally Accessible Virtual Geology Field Trips" (authored by Natalie Bursztyn, Joel
Pederson, Brett Shelton, Andrew Walker, Todd Campbell) in the second issue of this year's
volume in the International Journal of Education in Mathematics, Science and Technology
(IJEMST). Please be advised that you have the permission to reprint your paper as a chapter in
your dissertation.

I wish you continued success.

Sincerely,

Ismail Sahin, Ph. D.
Editor

International Journal of Education in Mathematics, Science,
and Technology (IJEMST)
Necmettin Erbakan University
Ahmet Kelesoglu Faculty of Education
Meram, Konya 42090
TURKEY
Phone: +90 332 3238220 Fax: +90 332 323 8225
E-mail: ijemst@gmail.com Web: http://www.ijemst.com
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KNITTER OF THE NORTH
Welcome to the bonus appendix
Made up of pretty bad limericks
Five verses relate
On page one-fifty-eight
A story that’s not at all epic
I am a Canadian knitter
A crazy idea emitter
I play derby and bike
And occasionally hike
And am a most talented eater
On a field trip I thought I would go
To a hot spring in Colorado
A mustache I met
And on Utah I bet
To get my PhD in Geo
Rocks were collected by the dozen
Drilled and sawed and broken in tension
Let’s hop in a raft
Run rapids this aft
And take in the scenes from Grand Canyon
I learned how to program in java
The virtual field trip creator
GPS games to play
On their smart phones all day
Hundreds of students worth of data

